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Improving Leaft Area Index Estimation With
Chlorophyll Insensitive Multispectral
Red-Edge Vegetation Indices

Yuanheng Sun

Abstract—As an essential vegetation biophysical trait that deter-
mines the plant’s structure and photosynthetic capacity, character-
izing of leaf area index (LAI) is important for vegetation growth
and health monitoring. The empirical models based on vegetation
indices (VIs) from remote sensing images are an effective method
for deriving LAIL However, due to the coupled impacts of LAI
and leaf chlorophyll content (LCC) on canopy reflectance and
saturation effect, most VIs cannot achieve a good accuracy of LAI
estimation. The remotely sensed red-edge reflectance can provide
valuable information to delineate the LAI, therefore a series of
leaf chlorophyll insensitive red-edge VIs by using the Sentinel-2
and GaoFen-6 (GF-6) multispectral images are developed in this
work to improve the LAI estimation accuracy. The potentials of
reflecting LAI variations and sensitivity to LCC changes for each
Sentinel-2 and GF-6 red-edge band are comprehensively analyzed
based on the PROSAIL model to select the optimal band in VIs
design. The proposed VIs are then evaluated in multiple ways,
including with PROSAIL simulated datasets, ground measured
LAI with canopy spectra, and real satellite images. The evaluation
results based on field LAI measurements indicate that the proposed
red-edge VIs can effectively improve crop LAI estimation accuracy
with the best regression coefficient (R> = 0.81 for Sentinel-2 and
R* = 0.65 for GF-6) among all comparative VIs. Our work
showcases incorporating red-edge bands with suitable formula is
promising for improving VI-based LAI retrieval, and they offer a
practicable solution to fast achieve decameter LAI maps by using
the Sentinel-2 or GF-6 images.

Index Terms—GaoFen-6 (GF-6), leaf area index (LAI), leaf
chlorophyll, red-edge, Sentinel-2, vegetation index (VI).

I. INTRODUCTION

EGETATION plays an essential role in modulating the
V transfer and exchange of carbon, water, and energy be-
tween the terrestrial ecosystems and the atmosphere. Thus, it
is of great importance to quantitively retrieve the vegetation
biophysical and biochemical characteristics in many scientific
realms [1], [2]. Among those vegetation characteristics, leaf area
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index (LAI), which is defined as the amount of leaf area in a
canopy per unit of ground area [3], is closely related to a plant
growing status and photosynthetic capacity [4], [5], therefore
capturing the spatial and temporal variation of the LAI can
provide critical information on the understanding of the global
and regional vegetation health and carbon cycling [6], [7].

Traditional approaches for LAI measurement are based on
destructively sampling foliage or nondestructively measuring
with an optical instrument such as LAI-2000, which are labor-
intensive and time-consuming [8]. A promising alternative is to
use Earth observation techniques, and the remote sensing has
been the only feasible way to acquire LAI over a vast area,
especially at the global scale [9]. The methods of LAI deriving
from optical images, which are the most widely used remotely
sensed data source for LAI estimation, can be categorized into
empirical and physical ones [10], [11]. The empirical methods
directly establish the relationship between satellite-derived spec-
tral characteristics, for instance, vegetation indices (VIs), and
the LAI using statistical regression or advanced nonparamet-
ric models. This method is easy to implement but it requires
different calibrations with field measurements for particular
vegetation types or areas, and thus is not suitable for large scale
continental and global LAI mapping [12]. The physical-based
method uses a radiative transfer (RT) model that links the
radiation intensity measured by satellite-borne sensors and the
vegetation parameters, and the LAI is then retrieved with RT
model inversion by taking sensor-measured reflectance and other
auxiliary information as inputs. The physical methods are con-
sidered generalizing well across a wider area extent and yield-
ing additional information about uncertainty of the retrievals,
but they require more ancillary information for model param-
eterization, and the retrieval process is quite computational
demanding [11].

The sensor measured canopy reflectance is affected by mul-
tiple factors, including biochemical parameters (e.g., chloro-
phyll content), biophysical parameters (e.g., LAI), and external
conditions, such as atmosphere, soil background, and illumina-
tion/imaging geometry [13], [14]. Hence, the contributions from
LATIand other parameters, especially the leaf chlorophyll content
(LCCQO), to the canopy reflectance are often coupled. How to
disentangle the individual contribution of the LAI and suppress
the LCC signals in canopy reflectance is thus essential and
indispensable for LAI estimation. Besides, spectral saturation
issue often happens in the dense vegetated condition [15], [16],
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and this further weaken the LAI estimating accuracy in large
LAIs.

The red edge of a vegetation spectrum is defined as the sharp
change in the reflectance curve between 680 and 750 nm [17],
and it is observed highly sensitive to the variation of the LAI
and LCC because the canopy reflectance in the red-edge region
mainly results from the multiple scattering between leaf layers
and chlorophyll absorption [18], [19]. Hence, it is a promising
solution to improve the LAI retrieval accuracy by introducing
the red-edge spectral information for both empirical and phys-
ical methods. Hyperspectral images containing red-edge infor-
mation could delicately describe various characteristics of the
vegetation biochemical and physiological traits [20]. As such,
numerous methods such as hyperspectral vegetation index (VI)
[21],[22], [23], spectral feature extraction, and machine learning
algorithms [24], [25], [26] have been proposed to estimate the
LAI by using hyperspectral remote sensing data. Even though
hyperspectral image takes the advantage of containing more in-
formation for vegetation parameters retrieval, its disadvantages
include limit spatial coverage and temporal frequency, high cost,
low radiometric calibration accuracy, and more sophisticated
and time-consuming process to do with the redundant band
information [27], [28].

Multispectral images provide alternative options to the hy-
perspectral data for the LAI estimation with greater spatial
and temporal coverage, which are very suitable for large scale
vegetation monitoring in low cost. However, most traditional
multispectral satellite sensors, such as Landsat TM/ETM+/OLI,
do not customized with red-edge band settings for a long pe-
riod. The multispectral red-edge sensor is originally equipped
on commercial satellites, such as RapidEye [29], [30] and
WorldView-2/WorldView-3 [31], [32], with meter-level spa-
tial resolution. The first free-accessed decameter multispectral
image with red-edge band setting for vegetation monitoring
is the Sentinel-2 Multispectral Instrument (MSI) operated by
Copernicus program of the European Space Agency (ESA). It
provides three 20-m resolution narrow red-edge spectral bands
in 5-day revisit period with Sentinel-2A and -2B constellation,
which is thus of huge benefit to the LAI estimation [33], [34].
China’s GaoFen-6 (GF-6) Wide Field View (WFV) image is an-
other free-available decameter multispectral red-edge remotely
sensed data supported by China Centre for Resources Satellite
Data and Application. GF-6 WFV has two 16-m resolution red-
edge multispectral bands located between red and near-infrared
(NIR) domain, which is specifically designed for agricultural
management and consequently shows great potentials in vege-
tation monitoring [35], [36].

VI is still the most extensive and effective remote sensing
variable for LAI estimation due to its simplicity and compu-
tational efficiency, and it depicts the density or growth status
of vegetation by using the contrast of spectral reflectance in
different wavelengths [37]. The high reflective property in NIR
and great absorptive property in red band of vegetation is the the-
oretical foundation for many VIs, which enhance the response of
single band reflectance to the variation of LAI by using the ratio,
difference, or normalized difference formation. Considering the
unique advantages of red-edge characteristics, several VIs that
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incorporate red-edge bands have also been developed for LAI
retrievals [34], [38], [39], [40], whereas most studies have only
replaced visible or NIR bands with red-edge bands, which will
inevitably increase the uncertainty of the resulting LAl retrievals
due to the LCC affecting the reflectance of the red-edge bands. A
few studies have also proposed several Vs to reduce the impacts
of LCC on VI-based LAI inversions [10], [41]. However, these
VIs still require empirical parameter to be adjusted. As such,
the objective of this work is to comprehensively investigate the
properties of Sentienl-2 and GF-6 multispectral red-edge band
reflectance, and propose multispectral red-edge VIs, which are
chlorophyll insensitive, and can resist saturation effect for LAI
estimation.

The organization of this article is as follows. Section II
describes the material utilized in this work, which includes
PROSAIL simulation datasets, ground spectral and LAI mea-
surements, and Sentinel-2, GF-6 and MODIS images. Detailed
descriptions regarding the proposed multispectral red-edge VIs
are described in Section III. The results of sensitivity analy-
sis, evaluation, validation, and comparison based on multiple
datasets are presented in Section IV. Section V discusses the
applicability, causes of uncertainty, remaining issues to be im-
proved, and perspective of the proposed VIs. Finally, Section VI
concludes the article.

II. MATERIAL
A. PROSAIL Simulation

The PROSAIL model was used to simulate canopy reflectance
with various combinations of leaf property, canopy structure,
sun-sensor geometry, and background soil property, aiming to
explore the Sentinel-2 and GF-6 red-edge spectral band char-
acteristics and test the performance of the proposed multispec-
tral red-edge VIs. This model couples the PROSPECT-D leaf
optical properties model [42] and the scattering by arbitrarily
inclined leaves (SAIL) canopy bidirectional reflectance model
[43], which is widely used to simulate canopy spectra and to
conduct sensitivity analysis [14]. To guarantee the size and
representativeness of the simulated dataset, 20 000 spectra were
simulated by randomly generating and combining the input pa-
rameters over a wide range, which are adequate to achieve stable
analysis result. Table I lists the values or distributions of input
parameters, and the truncated Gaussian or uniform distribution
were adopted to generate the input variables for those whose
value is varied within an interval. For the simulated dataset, the
canopy spectral reflectance was further integrated into the band
reflectance using the Sentinel-2/MSI and GF-6/WFV spectral
filters (Fig. 1).

B. Ground Canopy Spectra Dataset and LAI
Field Observations

In-situ datasets are used to evaluate the performance of the
multispectral red-edge VIs at ground scale, and they were
collected in Hengshui, Luohe, Chaoyang, and Kaifeng exper-
imental sites from 2017 to 2020, respectively. The Hengshui
experimental site locates at 37.5°N, 115.6°E, which has a warm
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TABLE I
PARAMETER SETTINGS FOR PROSAIL MODEL USED FOR CANOPY REFLECTANCE MODELING
Type Parameters Values or distributions Minimum value Maximum value
Leaf chlorophyll content (LCC, pg/cm?) Gauss(50, 20) 20 80
Dry matter content (Cm, g/cm?) Gauss(0.009, 0.004) 0.005 0.013
Leaf structure parameter () Gauss(1.5, 0.5) 1 2
Leaf Leaf carotenoid content (Ccar, pg/cm?) 5 - -
Brown pigment content (Cbrown, pug/cm?) 0 - -
Leaf anthocyanin content (Cant, pg/cm?) 0 - -
Equivalent water thickness (Cw, cm) 0.01 - -
Leaf area index (LAI, m?/m?) Gauss(3, 1.5) 0.5 6.5
canopy Average leaf angle (ALA, degree) Gauss(50, 10) 30 70
background Soil moisture factor (psoil) Uniform(0, 1) 0 1
Sun-target- Solar zenith angle (SZA, degree) Gauss(30, 10) 0 60
sensor View zenith angle (VZA, degree) Gauss(10, 5) 0 20
geometry Relative azimuth angle (RAA, degree) 0 - -

* The numbers in parenthesis for Gauss distribution represent mean value and standard deviation, and they represent lower bound and

upper bound for Uniform distribution.
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Fig. 1. Relative spectral responses of the red to NIR bands for (a) Sentinel-2
spectrum from the JHU spectrum library.

temperate monsoon (wet summer and dry winter) climate with a
yearly average temperature of 12.7 °C and average precipitation
of 510 mm. The Luohe experimental site has similar climate
characteristics to that of Hengshui, with central geographical
coordinates of 33.5°N and 115.6°E. The annual average temper-
ature of the Luohe site is approximately 14.6 °C, and average
precipitation is approximately 805 mm. Winter wheat (Triticum
aestivum L.) and summer maize (Zea mays L.) are the main crops
in both of those two regions and are under rotation irrigated man-
agement practices. The winter wheat is sowed in early October
and harvested in early June (Hengshui) or late May (Luohe)
of the next year, while the maize is cultivated from June to
September. The location of the Chaoyang experimental site is ap-
proximately 41.9°N, 119.4°E. The continuously irrigated maize
cultivated in Chaoyang is sowed in early May and harvested
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and (b) GF-6. The dark green dot line represents a typical conifer reflectance

in October due to a relatively cold and more arid temperate
monsoon climate, with annual temperature being 6.8 °C and
precipitation of 480 mm. The Kaifeng experimental site centers
at 34.9°N, 114.3°E and shares a similar climatic condition
with Luohe. Because the date of field campaign carried out in
Kaifeng was beyond the growing season of the cultivated wheat
and maize, the type of vegetation that we took measurement
there varied from birch, elm, aspen, and paddy rice. Detailed
information of field observations is presented in Table II. Canopy
spectra and LCC were measured only in Hengshui and Luohe,
and the LAI was collected in all sites. All sample points were
positioned in the homogeneous land cover with a spatial extent
of at least 40 x 40 m.

The hyperspectral reflectance of the canopy was measured by
an ASD FieldSpec Pro spectroradiometer (Analytical Spectral
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TABLE II
DETAILED INFORMATION OF FIELD OBSERVATIONS

Experimental site Date Vegetation Phenological Observational targets Number of

with central Lat/Lon type stage samples
2017/3/30 —2017/4/1 wheat jointing LAI, LCC, canopy spectra 45
Hengshui 2017/5/5 -2017/5/7 wheat heading LAIL LCC, canopy spectra 42
(37.5°N, 115.6°E) 2017/7/3 —2017/7/5 maize seeding LAL LCC 18
2017/7/29 — 2017/8/1 maize grain-filling LAIL LCC 21
Luohe 2018/3/11 —2018/3/14 wheat jointing LAI LCC, canopy spectra 32
(33.5°N, 115.6°E) 2018/4/11 —2018/4/14 wheat heading LAIL LCC, canopy spectra 28
@l ghﬁo{?gg‘m) 2018/6/16 — 2018/6/18 maize seeding LAI 24
Kaifeng 2020/10/14 - 2020/10/19 - - LAI 30

(34.9°N, 114.3°E)

Devices, Inc., Boulder, CO, USA) covering the spectral range
from 350 to 2500 nm with a resampled interval of 1 nm. Five
positions in a sample point were randomly selected for measure-
ment to reduce the impact of environmental conditions, and the
average value was used as the representative spectral reflectance
of the sample point, which was further integrated into the band
reflectance using the Sentinel-2/MSI and GF-6/WFV spectral
filters.

The LAI was measured using a LAI-2000 Plant Canopy
Analyzer (Li-Cor Inc., Lincoln, NE, USA). Since all the green
parts of crops are detected during measurements, the measured
total LAI can be understood as “effective green PAI” according
to its definition.

The SPAD-502 chlorophyll meter (Konica Minolta, Inc.)
was used to measure the LCC. Four replicate measurements
were conducted in the upper, middle, and lower levels of the
wheat canopy within a sample point, and the twelve readings
were averaged to calculate the SPAD value of the canopy. The
SPAD measurements were then converted to LCCs through (1)
[44], [45].

LCC = 6.34299 x exp (SPAD x 0.043) — 6.10629. (1)

C. Remote Sensing Data

The dates of the Sentinel-2 images used in this work are
concurrent with those of the ground canopy spectra and LAI
measurements in Hengshui, Luohe, and Chaoyang sites, and
spatially covers them. The images were downloaded from the
ESA Sentinels Scientific Data Hub! as Level-1C orthorecti-
fied top of atmosphere reflectance and then atmospherically
corrected to obtain the surface reflectance using the Sen2Cor
atmosphere correction toolbox (version 2.5.5) built in the Sen-
tinel Application Platform (SNAP) software (version 6.0.0). The
spatial resolutions of all bands were set to 20 m to guarantee the
combined use of green, red, and NIR bands with three red-edge
bands (RE1, RE2, and RE3) and narrow NIR band (NIR-N) in
the atmospherically corrected images [33]. The LAI was further
calculated based on their band surface reflectance with proposed
red-edge VI, and the empirical VI-LAI relationship was derived
with specific ground LAI measurements collected at Hengshui
and Luohe.

![Online]. Available: http://scihub.copernicus.eu/

The dates of GF-6 images are matching that of the field works
in Kaifeng, and they were downloaded from the China Centre for
Resources Satellite Data and Application platform.> The GF-6
images were first geometric corrected with the RPC Orthorecti-
fication module embedded in the ENVI software (version 5.3),
and then processed in radiometric calibration and atmospheric
correction with ENVI FLAASH module. The spatial resolution
of output GF-6 atmospherically corrected and orthorectified im-
ages were set to 16 m for all the visible, red-edge, and NIR bands.

Besides, the Terra and Aqua MODIS Collection 6 (C6) 4-day
composite LAI products (MCD15A3H) for the period of 2018
and 2019 over Hengshui and Luohe are utilized for comparison
with time-series LAI derived from Sentinel-2 images [46], [47].
The data are downloaded from NASA’s Earth Data platform,3
and only MODIS LAI pixels generated by the main algorithm
are retained with the assist of its ancillary quality-control labels.

III. METHODS

A. Correlation and Sensitivity Analysis for Bands Selection

To select bands that are sensitive to the variation of canopy
LAI but not sensitive to the variation of LCC, we calculated the
Pearson correlation coefficient (R) to analyze the correlation
between reflectance at each band of Sentinel-2 or GF-6 and
the LAI or LCC (2) based on PROSAIL simulations. Pearson
correlation coefficient characterizes the linear correlation (de-
pendence) between two variables x and y, whose range varies
from —1 to 1, where 1 means totally positive linear correlation,
0 means no linear correlation, and —1 means totally negative
linear correlation.

YL (X (Y-

n S\ 2 —n —\ 2
\/Zi:l (Xi - X) >i1 (YZ - Y)
Here, we calculated the Pearson correlation coefficients for

all the visible to NIR bands of Sentinel-2 and GF-6 with the
LAI and LCC, and their results are shown in Fig. 2. The LAI
shows the strongest positive correlation with RE3, NIR, NIR-N

of Sentinel-2, while the strongest negative correlation is found
atred band. Compared with RE3 and NIR bands, the correlation

R

@

2[Online]. Available: https://data.cresda.cn/#/home
3[Online]. Available: https://www.earthdata.nasa.gov/
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Fig. 2. Pearson correlation coefficients of band reflectance and LAI or LCC

for (a) Sentinel-2 and (b) GF-6 based on the PROSAIL simulated dataset.

between RE2 and LAI decreases slightly, and the green and RE1
bands present the lowest correlation with LAI. The strongest
negative correlation between LCC and band reflectance emerges
in the green and RE1 bands of Sentinel-2, while the red and RE1
represent weak negative correlation with the LCC.

For GF-6 multispectral bands reflectance, significant positive
correlations with LAI are presented at RE2 and NIR and greatest
negative correlation is shown at red, while the green and RE1
bands have low correlation relationship with the LAI. Obvious
positive correlations with LCC are present at green and REI,
and the correlation coefficient gradually decreases for red and
RE2 and approaches 0 for NIR.

The influence of a single parameter is rarely completely
independent, and coupling interactions usually exist between
various parameters (e.g., LAl and LCC). Thus, the extended
Fourier amplitude sensitivity test (EFAST) approach which can
describe the coupling interactions was adopted in this study
[48], [49]. The EFAST approach is a feature importance rank-
ing method that can evaluate the contribution of each variable
to the Sentinel-2 and GF-6 band reflectance simulated with
the PROSAIL model with high computational efficiency. In
this practice, the calculation by EFAST is limited to sensitiv-
ities referring to the main effect (additive influence of indi-
vidual input factor) and total effect (an overall measurement
of the contribution of a factor coupling with others). This
work conducted the EFAST global sensitivity analysis with
the Sensitivity Package (version 1.15.2) on the R platform
(version 3.5.1).
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Figs. 3 and 4 present the main effect and total effect of each
influencing factor on the Sentinel-2 and GF-6 green to NIR band
reflectance. The green band of Sentinel-2 and GF-6 show similar
characteristics, and the impact of LCC maintains dominance
among all influencing factors [Figs. 3(a) and 4(a)]. The LAI
contributes most to the red band reflectance of Sentinel-2 and
GF-6 [Figs. 3(b) and 4(b)]. However, great interaction effect
can be observed from LAI with other factors, for instance, soil
moisture, and the main effect of LCC is nonignorable.

The RE1 band of Sentinel-2 and GF-6 also have similar
characteristics, and their top 5 influencing factors from the
perspective of main effect are LCC, leaf structure, LAI, soil
property, and ALA, which is almost the same as the sensitivity
of green band. Because the central wavelength of Sentinel-2
RE1 band is closer to red spectral domain and it has a narrower
bandwidth compared with that of GF-6 RE1, more contribution
from the LCC is observed in the Sentinel-2 RE1 band [Figs. 3(c)
and 4(c)]. Considering the total effect which is defined as the
sum of main effect and interaction, the influence of LAI and
soil property mainly comes from their interactions coupled with
other factors. Hence, it may introduce more uncertainty by using
the RE1 band of Sentinel-2 and GF-6 in LAI estimation even
though it does have a certain influence from the LAIL

Top 5 influencing factors for Sentinel-2 RE2 band are LAI,
ALA, LCC, leaf structure, and soil property from the perspective
of main effect [Fig. 3(d)]. Despite the LAI contributes most
to the Sentinel-2 RE2 band, it still has large interaction effect
with other factors. Top 5 influencing factors for GF-6 RE2 band
are LAI, ALA, soil property, leaf structure, and leaf dry matter
[Fig. 4(d)]. The contribution of LAI dramatically increases and
that of LCC dramatically decreases compared with GF-6 RE1
band. For Sentinel-2 RE3, NIR-N, and GF-6 NIR, the contri-
bution of LAI is dominant compared with other factors and the
LCC hardly influences their reflectance [Figs. 3(e), (f), and 4(e)].
Thus, they are optimal red-edge bands for LAI estimation.

Based on the above-mentioned analysis, it can be concluded
that the RE3 band of Sentinel-2 and NIR band of GF-6 contain
the most information of LAI in a positive correlated direction,
and the red band shows a negative correlation relationship with
the LAIL The green and RE1 bands of Sentinel-2 and GF-6 are
severely affected by the chlorophyll content, whereas their red
and RE2 bands are moderate sensitive to the LCC influence with
a negative correlation.

B. Multispectral Red-Edge Vls for LAI Estimation

In this work, simple ratio (SR) [50], normalized difference
vegetation index (NDVI) [51], and modified simple ratio (MSR)
[52] are selected as the prototype for further red-edge VIs design,
whose equations are listed in the following:

SR — PNIR 3)
PRed
NDVI — PNIR — PRed (4)
PNIR T PRed

PNIR/ PRed — 1

V/ PNIR/ PRed + 1

MSR = )
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TABLE III
PROPOSED MULTISPECTRAL RED-EDGE VIS FOR SENTINEL-2 AND GF-6

Sentinel-2 GF-6

fOrI?lStion PRE2 X PRE3 PRE2 X PNIR

(SRye) PRed PRed

NDV.I PRE2 — PRed PRE2 — PRed
formation — X Pres FRE2 ~ PRed & ik
(NDVI,,) PRE2 T PRed PRE2 T PRed

re

MSR PrE2/ PRed — 1 PrE2/PRed — 1
formation ———————" X pRrE3 ————————— X PNIR
(MSR ) PrE2/PRed + 1 PrE2/PRed + 1

where preq and pnir represent the canopy reflectance of multi-
spectral red and NIR band, respectively.

As the correlation and sensitivity analysis show, the red band
reflectance of Sentinel-2 and GF-6 is influenced by both LAI and
LCC, hence most VI is the comprehensive measuring of vege-
tation “greenness”. If these VIs are utilized for LAI estimation,
the impact of the LCC variation is inevitable. Since the negative
correlation coefficients of red and RE2 bands of Sentinel-2 with
LCC are roughly equal, and the RE2 band of Sentinel-2 shows
high positive correlation with LAI simultaneously, the RE2 band
of Sentinel-2 is introduced in the design of red-edge VIs to
offset a portion of impact from LCC introduced by red band
reflectance. Similarly, RE2 band is also used in GF-6 multispec-
tral red-edge VIs. To enhance the sensitivity of newly proposed
red-edge VIs in dense vegetated condition and to relieve the
saturation effect, we multiply the original VI formation by the
reflectance of Sentinel-2 RE3 band or GF-6 NIR band, which are
principally and highly positively correlated with LAI, following
the idea of NIR,, [53], [54]. The proposed multispectral red-edge
VIs for Sentinel-2 and GF-6 are listed in Table III.

C. Evaluation and Validation Metrics

If the variation of LAI or LCC leads to great change to the
VI value, we regard this VI is sensitive to the LAI or LCC, and
vice versa. Besides, if the amplitude of VI value is large when
the LAI is fixed while other factors vary in a specific range,
large uncertainty may occur in LAI estimation by using this VI.
We use these properties to qualitatively evaluate the sensitivity
of proposed the red-edge VIs toward the variation of LAI and
LCC. Moreover, the performance of the proposed red-edge VIs
in LAIretrieval was quantitatively validated using the coefficient
of correlation (R) and coefficient of determination (R?) when
compared with field measured LCC.

IV. RESULTS

A. Sensitivity of Proposed Multispectral Red-Edge VIs With
PROSAIL Simulation

The qualitative sensitivity analysis of the proposed VIs was
implemented by using the PROSAIL simulated dataset. To ex-
plore the influence of LCC to the VIs, we set the LCC value
from 20 ug/cm? to 80 pug/cm? with a step of 5 pg/cm?. The
value or distribution of other PROSAIL input parameters were
referred in Table I. For the LAI sensitivity analysis, its value
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was set from 0.5 to 6.5 with a step of 0.5 with other parameters
varying as Table I.

Fig. 5 illustrates the response of the original SR, NDVI,
MSR, and proposed red-edge VIs to the variation of LCC for
Sentinel-2 and GF-6. The shaded area represents the 1 standard
deviation error. In general, the value of original VIs increases
as the LCC increases. Under the low LCC circumstance (LCC
< 40 pg/cm?), the value of original VIs greatly increases
while red-edge VIs in SR and MSR formation only slightly
increases with the LCC increasing. What is more, the value of
Sentinel2 NDVI,, almost does not change when the LCC varies,
and the GF6 NDVI,. slightly decreases as LCC increasing.
Since the value of LCC of vegetation in the growing seasons
centers at the interval of 40-65 jig/cm? according to our field-
work and all proposed Sentinel-2 and GF-6 red-edge VIs almost
stay unchanged, it is believed that the original VIs and proposed
multispectral red-edge VIs are insensitive to the variation of
LCC in most circumstances. However, the uncertainty of the
multispectral red-edge VIs caused by other factors is still large
in the LCC interval of 40-65 pg/cm?, which should be paid
attention to in the application.

The main purpose of those proposed Sentinel-2 and GF-6
red-edge VIs is to effectively reflect the variation of LAI The
value of those VIs significantly increases as LAI increasing, as
Fig. 6 shows, but difference exists in the uncertainty toward other
factors and saturation effect under dense vegetated condition.
The sensitivity of proposed red-edge VIs is significantly higher
than that of original VIs in dense vegetated condition. With LAI
increases from 4.0 to 6.0, the value of red-edge VIsin SR, NDVI,
and MSR formation increases 20.66%, 9.15%, and 15.52%,
while that are 16.31%, 1.39%, and 9.07% for their original
formation. Among the proposed red-edge Vs, the red-edge VI
in NDVI formation has the lowest uncertainty, but it also has the
minimum saturation point — the increment of VI value is limited
as LAI increases when LAI is greater than 3.5. Compared with
red-edge VIin NDVI formation, SR formation VI shows greater
saturation point. However, the uncertainty of it also magnifies
in large LAI condition. The red-edge VI in MSR formation
balances the advantage of VI in SR and NDVI formation, with
a relative low uncertainty and saturation effect, thus is regarded
as an ideal chlorophyll insensitive option to estimate LAI.

B. Evaluation With Ground Canopy Spectra Dataset

We further evaluate the proposed Sentinel-2 and GF-6 red-
edge VIs with ground measured canopy spectra and correspond-
ing LAI and LCC dataset collected in Hengshui and Luohe
(Table II), and compare them with some classic VIs or Vs
without using red-edge information. The classic VIs include
SR, NDVI, and MSR. The RE2 and RE3 in proposed Sentinel-2
red-edge VIs are replaced by NIR-N band, while the RE2 in
GF-6red-edge VIsis replaced by its NIR band in the VIs without
using red-edge information. The coefficients of correlation (R)
between a specific VI derived from ground measured spectra
and the LAI or LCC are calculated to represent their correlation
degree, which are shown in Table IV.
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Fig. 5. Sensitivity of the original SR, NDVI, MSR, and proposed red-edge VIs to LCC for Sentinel-2 (first two rows) and GF-6 (last two rows) derived based on

the PROSAIL model [14]. The shaded area represents the 1 standard deviation error.

TABLE IV

CORRELATION COEFFICIENTS (R) OF SENTINEL-2 OR GF-6 VIS AND LAI OR LCC BASED ON GROUND SPECTRA OBSERVATIONS

With red-edge bands

Without red-edge bands

Classic vegetation indices

SR NDVI  MSR SR NDVI  MSR SR NDVI  MSR
Sentinel-2 LAI 0.58 0.71 0.65 0.57 0.64 0.64 0.39 0.44 0.43
LCC -0.19 -0.28 -0.22 -0.21 -0.28 -0.23  0.02 0.15 0.05
GF-6 LAI 0.59 0.66 0.62 0.58 0.64 0.62 0.40 0.44 0.43
LCC -0.20 -0.29 -0.23 -0.21 -0.28 -0.24  0.03 0.15 0.06

The correlation between VI and LAI significantly increases
after the red-edge bands are introduced for Sentinel-2 NDVI
formation, and that of VIs in Sentinel-2 SR and MSR formation
varies little before and after red-edge spectral information is
utilized. All the three red-edge VI formations manifest similar
correlation coefficient with or without using red-edge spectral
information. The classic SR, NDVI, and MSR, both for Sentinel-
2 and GF-6, demonstrate the lowest correlation relationship
with the LAI For the LCC, there is no remarkable difference
in the correlation between it and various VIs with or without
using red-edge information, which may be attributed to the large
uncertainty of field measured LCC.

C. Validation With Sentinel-2 and GF-6 Images

The proposed Sentinel-2 and GF-6 red-edge VIs and classic
VIs for comparison are then validated by using real Sentinel-2
and GF-6 images and their synchronized ground LAI datasets.
The LAI datasets collected in Hengshui, Luohe, and Chaoyang
are used for Sentinel-2 validation, and the LAI collected in
Kaifeng are used for GF-6 validation. The symbol of SRy,
NDVI,,, and MSR,. in Figs. 7 and 8 represent the proposed
multispectral red-edge VIs in SR, NDVI, and MSR formation,
while the SR, NDVIy;, and MSR y;, represent the VI formation
of SR, NDVI, and MSR without using red-edge bands. Here, we
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Fig. 6.  Sensitivity of the original SR, NDVI, MSR, and proposed red-edge VIs to LAI for Sentinel-2 (first column) and GF-6 (second column) derived based on

the PROSAIL model [14]. The shaded area represents the 1 standard deviation error.

adopt the coefficient of determination (R?) to investigate in what
degree the LAI could be explained by a VI when using it in LAI
estimation. Sentinel-2 results demonstrate that the determination
coefficient remarkably improves after the red-edge bands are
used, and it also relieves the saturation effect in large LAI
condition for NDVI (Fig. 7). The determination coefficient of
proposed GF-6 red-edge VIs also improves compared with VIs
without red-edge bands. Due to limit validating samples and
ground measured uncertainties in LAI, the resistance to the
saturation effect of classic VIs is not profound when red-edge
bands are introduced.

Based on the evaluations with ground canopy spectra and real
Sentinel-2 and GF-6 images, the proposed multispectral red-
edge VI demonstrates effective enhancement to the correlation
relationship with LAI compared with those classic VIs.

D. LAI Mapping and Time-Series Analysis With Sentinel-2
Images

In this section, the regional LAI mapping covering Heng-
shui and Luohe experimental sites are generated by using the

proposed Sentinel-2 red-edge VI in NDVI formation (NDV1,.).
Meanwhile, time-series of Sentinel-2 derived LAI extracted
from one of Hengshui or Luohe samples are then compared
with MODIS LAI product to preliminary explore whether
they can reveal the phenology of LAI of wheat and maize,
and to what extent their consistency is with the most widely
used MODIS LAI. The geographic coordinates of the Heng-
shui sample are (115.47°E, 37.87°N), and that of Luohe sam-
ple are (114.17°E, 33.65°N). Both sites are located at ho-
mogeneous cropland to reduce the scale effect caused by
different spatial resolution between Sentinel-2 and MODIS
data.

The LAI images of nonvegetated areas extracted on March
23 and May 2 of 2017, corresponding to moderate and dense
vegetated conditions, in Hengshui are presented in Fig. 9. The
mean LAI value over the region is 1.4 in March and 3.8 in May.
Fig. 10 illustrates the LAI images in Luohe on February 27 and
April 13 of 2018, with mean LAI of 0.8 in February and 3.5 in
April.

Figs. 9(c) and 10(c) show the temporal LAI trajectories over
the two sites for the entire year of 2017 or 2018. For a better
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comparison, Sentinel-2 results are aggregated to 500 m to match
the MODIS resolution, and both LAI trajectories are processed
with a Savitzky—Golay smoothing filter. The bimodal pattern
of LAI seasonality over the two sites is caused by rotation
agricultural management of wheat and maize during a year, and
the peak of wheat growing appears in April to May and maize in
August to September, which are influenced by its latitude [55].
The Sentinel-2 and MODIS LAI are in good agreement in the
entire year, and they both agree well with field measurements. A
few mismatches between Sentinel-2 and MODIS LAI only show
in the extreme high vegetated condition, which may attribute
to different composite or imaging period, and smoothing filter
influence.

V. DISCUSSION

Quantitative acquisition of widespread vegetation LAI with
remote sensing techniques is essential for numerous environ-
mental and agricultural studies and applications [9], [56]. LAI
retrieval using red-edge information has attracted much at-
tention, and the community-consensual view is that red-edge
bands have a positive contribution to LAI inversion [10], [21],
[57]. Compared with hyperspectral red-edge data, studies on

multispectral red-edge band in LAI estimation is still limit and
some have indicated that they are not significantly beneficial for
LAlIretrieval [58], [59]. As aresult, it is necessary to further and
fully explore the spectral characteristics of existing multispectral
red-edge bands and develop new VIs for LAI estimation with
them [58].

The red-edge reflectance is usually influenced by various
vegetation characteristics; thus, the integration of red-edge infor-
mation in LAI estimation may increase the canopy information
contents effectively representing the LAI or may be coupled with
other vegetation characteristics. For instance, previous studies
have suggested that Sentinel-2 red-edge bands contribute more
to the LCC estimation [60], [61], so the high sensitivity of
LCC would in turn reduce the LAI estimation accuracy if all
three Sentinel-2 red-edge bands are introduced. The proposed
red-edge VIs with Sentinel-2 and GF-6 multispectral red-edge
bands in this article aim to reduce the LCC and saturation effect
for LAl estimation. Since the interactions between LAl and LCC
to the canopy reflectance remain a challenge when identifying
canopy reflectance changes caused by LAI variations, the PRO-
SAIL simulations enable us to comprehensively understand the
effects of variations in LAI and other parameters on the band
reflectance, thus providing an effective way to develop the VIs
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using the specific advantages of Sentinel-2 and GF-6 red-edge
bands.

The proposed Sentinel-2 and GF-6 red-edge VIs were then
evaluated and compared against some classic VIs in several
scales: simulated datasets, ground canopy spectra, and real
satellite images. The improvement of correlation coefficient is
not quite profound after the red-edge bands are introduced in
ground canopy spectra scale, and possible explanations may be
the inevitable uncertainty of ground measured canopy spectral
and LCC caused by measuring time, weather condition, and the
proficiency level of operators [8]. The ground collected SPAD
signal by a SPAD-502 instrument was converted to the true
LCC by using the empirical equations [45], which depends on
vegetation type, and this kind of conversion also introduces the
LCC uncertainty. The VIs in SR formation magnify and the
VIs in NDVI formation compress the uncertainty, therefore, the
best performance comes from VI in MSR formation, and SR
formation performs the worst at ground scale validation. The
performance of red-edge VIs derived from real Sentinel-2 and
GF-6 images in LAI estimation is better compared with that de-
rived from ground canopy spectra (Figs. 7, 8, and Table IV). This
is because our ground LAI was evenly collected in homogenous
vegetated area and is representative to an entire satellite image

-Jun 14-Aug 28-Sep 12-Nov 27-Dec
Date
(c)

2018 and (b) April 13 of 2018. (c) LAI time series derived from Sentinel-2 and

pixel, thus the relationship between the pixel VI value and the
in-situ LAl is more stable comparing the ground spectra results.

However, the evaluations cannot represent all potential veg-
etated scenarios due to insufficient ground LAI datasets for
validation. Thus, the proposed VIs are specifically suitable for
crop application at present, and further validation in other biome
type is needed. Adding more field measurements, especially
from various biome types, time periods, and regions, may allow
more comprehensive evaluation results to be obtained. However,
due to the intricate coupling of canopy parameters and the
limited spectral bands of multispectral sensors, it is impractical
to develop a VI that is not sensitive to all biophysical and
biochemical parameters. Note that the ALA also greatly impacts
the values of RE2 (Figs. 3 and 4), and our sensitivity analysis
showcases that the proposed red-edge VIs are in turn sensitive
to the variation of ALA. As a result, much attention should be
paid when using them in LAI estimation, especially at regions
or periods with varied ALA. Nevertheless, the main vegetation
types may be similar within a certain region and period, which
could mitigate the negative effects caused by the sensitivity
toward other parameters in LAI estimation.

Despite there are limitations, such as regional dependency, of
the VI approach in vegetation variables remote sensing retrieval,



3580

the increasing availability of broad and narrow spectral bands
from satellite sensors is driving the continuing development of
VI because of its simplicity and robustness [37]. Considering
that an increasing number of satellite sensors (e.g., the upcoming
Landsat-10) may include red-edge bands [62], multispectral red-
edge VIis promising for improving the LAI estimation accuracy
and efficiency at the regional scale. Since the spatial resolution
of existing LAI products and datasets is mostly kilometer to
hectometer [47], [63], [64], the proposed multispectral red-edge
VIs provide promising solutions to fast achieve decameter LAI
results within the region of interest and at the time of interest
by using the Sentinel-2 images, especially with the aid of the
cloud-computing platform such as the Google Earth Engine [65],
[66]. This enhancement of spatial resolution will be highly ben-
eficial for some certain applications, for example, the precision
agriculture, which need more LAI spatial details.

VI. CONCLUSION

The red-edge bands in the multispectral satellite sensors hold
great potential for improving the accuracy of LAI retrievals. In
this study, chlorophyll insensitive multispectral red-edge VIs for
Sentinel-2/MSI and GF-6/WFV were developed to capture LAI
variations from the perspectives of reducing the LCC impacts
and saturation effects. The optimal bands in proposed SR-like,
NDVI-like, and MSR-like red-edge VIs for LAI estimation
were selected first by using the correlation analysis and EFAST
sensitivity analysis approaches based on the PROSAIL model.
Then, the responses of proposed multispectral red-edge VIs
to the LAI and LCC were simulated by PROSAIL and ana-
lyzed comprehensively. Finally, the performance of those VIs
in deriving LAI was further evaluated using ground measured
LAI and they were compared with those obtained with other
widely used VIs. The results suggest that they exhibited a
high sensitivity to LAI variations and low sensitivity to LCC
variations, thus are suitable for empirically-based crop LAI
retrieval. However, further effects are still need in a more com-
prehensive evaluation and validation with more ground data in
various biome types. This study demonstrated the importance of
considering red-edge bands in VI-based LAI retrievals, and the
results are promising for providing a decameter LAI dataset for
more accurate fine-scale ecosystem modeling and agricultural
applications.
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