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Abstract: We proposed a direct approach to validate hectometric and kilometric resolution leaf
area index (LAI) products that involved the scaling up of field-measured LAI via the validation
and recalibration of the decametric Sentinel-2 LAI product. We applied it over a test study area of
maize crops in northern China using continuous field measurements of LAINet along the year 2019.
Sentinel-2 LAI showed an overall accuracy of 0.67 in terms of Root Mean Square Error (RMSE) and it
was used, after recalibration, as a benchmark to validate six coarse resolution LAI products: MODIS,
Copernicus Global Land Service 1 km Version 2 (called GEOV2) and 300 m (GEOV3), Satellite
Application Facility EUMETSAT Polar System (SAF EPS) 1.1 km, Global LAnd Surface Satellite
(GLASS) 500 m and Copernicus Climate Change Service (C3S) 1 km V2. GEOV2, GEOV3 and MODIS
showed a good agreement with reference LAI in terms of magnitude (RMSE ≤ 0.29) and phenology.
SAF EPS (RMSE = 0.68) and C3S V2 (RMSE = 0.41), on the opposite, systematically underestimated
high LAI values and showed systematic differences for phenological metrics: a delay of 6 days (d),
20 d and 24 d for the start, peak and the end of growing season, respectively, for SAF EPS and an
advance of −4 d, −6 d and −6 d for C3S.

Keywords: leaf area index; validation; multi-resolution satellite products; time series; Sentinel-2;
multi-temporal ground data

1. Introduction

Leaf area index (LAI), defined as half the total leaf area per unit of ground surface
area [1], is a critical variable in land surface processes such as photosynthesis, respiration,
and precipitation interception [2]. The Global Climate Observing System (GCOS) identified
LAI as one of the essential climate variables accessible from remote sensing observations [3].
Over the last decade, a broad variety of LAI retrieval methods has been proposed and, as
described in the literature, they can be grouped in four categories [4]: parametric regression,
nonparametric regression, physically based and hybrid methods. Regression methods de-
fine statistical relationships between optical remote sensing observations and LAI. A wide
variety of statistical approaches mainly based on vegetation indices have been proposed
in the literature (e.g., [5]). The physical methods are based on the inversion of canopy
radiative transfer models. Among the inversion techniques, the look up tables (LUTs) are
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widely used in operational algorithms to process large amounts of remote sensing data
due to its ability to speed up the inversion process [6]. Hybrid methods combine physi-
cal models with the computational efficiency of non-parametric regression methods [6,7].
Machine learning techniques including Neural Networks (NNs) and Gaussian Process
Regression (GPR) are widely used. The NNs require less formal statistical training and can
implicitly detect complex nonlinear relationships between dependent and independent
variables. The GPR allows handling the model selection issue within a Bayesian framework
automatically, which offers the potential advantage of avoiding the traditional empirical
and tricky tuning of the free parameters of the model [7]. There are already a wide range
of existing remote sensing LAI products with different spatial and temporal resolutions
based on above algorithms, including MODerate resolution Imaging Spectroradiometer
(MODIS, 500 m, 4-day) [8], Copernicus Global Land Service (CGLS) VEGETATION and
PROBA-V bioGEOphysical product Version 2 (GEOV2, 1 km, 10-day) [9], CGLS PROBA-V
bioGEOphysical product Version 3 (GEOV3, 300 m, 10-day) [10], Satellite Application
Facility EUMETSAT Polar System (SAF EPS, 1.1 km, 10-day) [11], Global LAnd Surface
Satellite (GLASS, 500 m, 8-day) [12] and Copernicus Climate Change Service (C3S) PROBA-
V product Version 2 (C3S V2, 1 km, 10-day) [13] products. Scientific validation is critical to
understand their accuracy in order to quantitatively characterize uncertainties embedded
in LAI products and acquire key feedback for algorithm improvement [14].

The Land Product Validation (LPV) subgroup of the Committee Earth Observing
Satellites’ Working Group on Calibration and Validation (CEOS WGCV) proposed a direct
approach for validating coarse resolution LAI products based on the comparison with
ground-based reference maps [15]. The field-measured LAI cannot be directly used as a
reference for the validation of satellite products due to the scale differences and surface
heterogeneity issues [16]. To alleviate the footprint differences, the field-measured LAI
acquired within decametric elementary sampling units (ESUs) are scaled up via high-
resolution data [2,17] and empirical calibration functions. Then, the high-resolution ground-
based maps are aggregated to match the spatial resolution of the LAI products and used
as a reference for their validation [15]. A series of studies on the validation of global LAI
products have been carried out based on this upscaling validation strategy [18,19].

Up to now, the majority of validation activities have been conducted for hectometric
and kilometric (300–1000 m) coarse resolution products [20,21]. Only few studies have
focused on the validation of decametric LAI products [19,22,23]. In addition, the exist-
ing validation activities only have focused on a single scale although the LAI products
across different scales may be inconsistent [24]. Therefore, a joint validation exercise of
multi-resolution LAI products is imperative to elucidate scale effects on different LAI
products. The validation of temporal performance is also extremely lacking, especially
for multi-resolution LAI products. Multi-temporal validation activities are key since the
temporal consistency of satellite time series and their accuracy to monitor actual vegetation
phenology is mandatory for a successful application of LAI products in land surface and
climate models, and in environmental and global change research [25].

Accurate and representative field measurements are key for the validation of LAI
satellite products. The direct LAI measurements using litter fall traps and destructive
harvest techniques are accurate but time and labor consuming [26]. Currently, the most
commonly used LAI field measurements rely on indirect methods based on the light
transmittance through the canopy as measured with optical instruments, such as Digital
Hemispherical Photographs [27], Tracing Radiation and Architecture of Canopies [28] and
LAI-2000 Plant Canopy Analyzer [29], among others [30]. However, temporally continuous
field measurements over large spatial areas cannot be easily obtained using these traditional
optical instruments. Wireless sensor networks (WSN) are a new type of information
acquisition technology, capable of providing novel opportunities to achieve continuous LAI
measurement over spatially distributed samples [31,32]. Among the existing WSN-based
LAI observation systems, LAINet has been widely used in LAI validation activities [33–35].
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The goal of the study was to simultaneously validate multiple decametric, hectometric
and kilometric LAI products derived from the sensors Sentinel-2, MODIS, PROBA-V and
AVHRR. We proposed a direct approach to validate coarse resolution LAI products that
involved the scaling up of field-measured LAI via the validation and recalibration of
the decametric resolution Sentinel-2 LAI product. It is based on the use of temporally
continuous LAINet measurements and the recalibration of Sentinel-2 LAI product, and
it may constitute an alternative to the standard CEOS LPV upscaling validation strategy.
Maize is widely cultivated all over the world, and the annual output ranks first in cereal
production [36]. The study was conducted over maize croplands in northwestern China.
Section 2 briefly describes the study area, field measurements and the multi-resolution
satellite LAI products. Section 3 describes the upscaling validation method. Section 4
displays and discusses the uncertainty of field measurements, the performance of the
proposed up-scaling approach and the validation results of multi-scale LAI products.
Finally, Section 5 provides the main conclusions.

2. Study Area and Data
2.1. Study Area and Field Measurements

This study was conducted in a 5 km × 5 km maize cropland region (centered at
38◦51′N, 100◦22′E) near Zhangye city, China (Figure 1). Zhangye is the largest maize
breeding area in China, with an annual output of 450 million kilograms of maize seeds,
accounting for more than 50% of China’s annual consumption. The study area is flat with
an average altitude of 1579 m. The study is characterized by a temperate continental
climate. The total annual precipitation is 129 mm and annual average temperature is 6 ◦C.
Croplands is the dominant land cover type and maize is the primary crop species. The
growth stage of maize in our study area can be split into five stages: (1) sowing stage after
late April; (2) seedling stage from May until late June; (3) heading stage from late June to
late July; (4) mature stage from August to late September; and (5) harvesting stage after
late September. Figure 1 shows the location of the study area and the spatial distribution of
six ESUs.
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Figure 1. Sentinel-2 false-color RGB (8, 4, 3) composite of the study area on 30 July 2019. The yellow
dots indicate the locations of the Elementary Sampling Units (ESUs).

A LAINet system was installed in our study area to provide temporally continuous
LAI measurements along the year 2019. The effective LAI values are derived from the
canopy gap fraction [37], calculated from the ratio between the below-canopy transmitted
radiation and above-canopy total downward solar radiation [37]. The two radiation
fluxes are automatically measured from above and below nodes, respectively, and the
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readings are collected by a central node and finally transferred to a remote data server
through a general packet radio service network. The above and below nodes have the
same hardware configuration and software functions except for their different shapes and
the number of integrated optical sensors. In this study, four below nodes per ESU were
deployed to measure below-canopy transmitted radiation at the ESU scale with a size of
30 m × 30 m. Only one above node per ESU was deployed, assuming the homogeneity
of the incoming solar radiation above the canopy. After the sampling design, the optical
sensors are calibrated to ensure that all sensor readings are the same under the same
downward radiation conditions, which is a guarantee of the correct measurement of
canopy transmittance and the basis to calculate LAI. For details regarding the LAINet,
please refer to Qu et al. [38]. The implementation period of the LAINet in our study
spanned from 1 June to 20 September 2019 (i.e., from day of year (DOY) 152 to 263), nearly
covering the entire growing season of maize crop.

2.2. Leaf Area Index Satellite Products

Seven LAI products, i.e., Sentinel-2, MODIS, GEOV2, GEOV3, EPS, GLASS and C3S,
were validated in this study. All the LAI products covering the whole growing cycle of
maize were validated and the poor-quality data were discarded by consulting quality
control layers. Table 1 lists the multi-resolution LAI products validated in this study.

Table 1. Multi-resolution LAI products investigated in the study.

LAI Products Algorithm Sensor/
Platform

Spatial
Resolution

Temporal
Resolution Reference

Sentinel-2 Neural networks MSI/
Sentinel-2 20 m 5-day [39]

MODIS V6 Look-up-table MODIS/
Terra + Aqua 500 m 4-day [40]

GEOV2: CGLS 1 km V2.0 Neural networks PROBA-V/
PROBA-V 1 km 10-day [41]

GEOV3: CGLS 300 m Neural networks PROBA-V/
PROBA-V 300 m 10-day [10,42]

SAF EPS V1.0 Gaussian process
regression

AVHRR/
MetOp 1.1 km 10-day [11]

GLASS V5 Neural networks MODIS/
Terra 500 m 8-day [32]

C3S V2 Look-up-table PROBA-V/
PROBA-V 1 km 10-day [13]

2.2.1. Sentinel-2 LAI

The Sentinel-2 mission consists of a constellation of two satellites: Sentinel-2A and
Sentinel-2B which both carry the Multi Spectral Instrument (MSI). The two satellites allow
a repeat cycle of 5 days and take images in 13 spectral bands at spatial resolutions of 10 m
(blue, green, red, near infrared (NIR) bands), 20 m (three vegetation red edge bands, narrow
NIR band, two short wave infrared (SWIR) bands) and 60 m (coastal aerosol, water vapour,
SWIR-Cirrus bands). We collected all the available Sentinel-2 L1C (Top-of-Atmosphere,
TOA, reflectance) data (22 scenes) from 1 April 2019 to 31 October 2019 from the Sentinel
data access hub (Available online: https://scihub.copernicus.eu/(accessed on 4 November
2021)). Only images without cloud cover in the study area were selected. The L1C data
were corrected atmospherically to L2A data using the Sen2Cor processor (Version 2.8) [43].
Then the Sentinel-2 L2A 10 m spatial resolution bands were resampled to 20 m spatial
resolution using the nearest neighbor method. The Simplified Level 2 Product Prototype
Processor (SL2P) algorithm [39] integrated in the Sentinel Application Platform (SNAP)

https://scihub.copernicus.eu/
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was applied to derive Sentinel-2 LAI from Sentinel-2 L2A images. SL2P is a hybrid retrieval
algorithm based on back-propagation Neural Networks (NNs) trained over a globally
representative set of simulations from PROSAIL model [44]. The L2A reflectances at nine
spectral bands (green, red, red edge, narrow NIR and two SWIR bands) were used as input
of the NNs. In addition to effective LAI, the SL2P algorithm was here used to estimate the
canopy chlorophyll content (cf. Section 4.2).

2.2.2. MODIS LAI

The MODIS collection 6 (C6) LAI product (MCD15A3H) with 500 m spatial resolution
is retrieved from combined Terra MODIS and Aqua MODIS every 4 days [40]. We used
only the images with good quality (main algorithm with or without saturation), i.e., bit 0 of
the quality control layer equals to 0. The main algorithm generating MODIS LAI product
is based on a three-dimensional radiative transfer model that is used to generate look-
up-tables (LUTs) [45]. The algorithm only uses the red and NIR daily surface reflectance
data (MOD09GA, 500 m) as input data because of high uncertainties in other bands [46].
The biome map is another important input, in which global vegetation is classified into
eight biomes with different canopy and soil patterns [8,47]. For the observed bi-directional
reflectance factors in the red and NIR bands at a specific set of solar and view zenith angles,
the algorithm finds the best LAI estimate from biome-specific LUTs. Compositing is done
by selecting the daily retrieved value corresponding to maximum LAI over the 4-day
compositing period.

2.2.3. GEOV2 LAI

The CGLS 1 km V2.0, here called GEOV2, LAI product derived from SPOT/
VEGETATION (for the period from 1999 to May 2014) and PROBA-V (from May 2014
to present) observations is produced globally at 10 days temporal resolution under lat–lon
projection at 1/112◦ spatial resolution [9]. The GEOV2 LAI product capitalizes on existing
CYCLOPES V3.1 [48] and MODIS Collection 5 [45] products and the use of NNs. The
inputs of the NNs are daily top of the canopy (TOC) reflectances in the red, NIR and
SWIR spectral bands and the associated view and sun geometry. The daily LAI outputs
of NNs are then filtered, smoothed and gap filled using dedicated temporal compositing
techniques to ensure consistency and continuity of the LAI time course every 10 days [9].
The GEOV2 LAI product uses a climatological approach to fill missing data [49].

2.2.4. GEOV3 LAI

The CGLS 300 m, here called GEOV3, LAI product is derived from PROBA-V obser-
vations with a 10-day temporal resolution and 300 m spatial resolution [10,42]. GEOV3
algorithm is a simplification and an adaptation of GEOV2 product near real time algo-
rithm [50]. Similar to GEOV2, GEOV3 is based on the use of NNs trained with the fusion
of the MODIS C5 and CYCLOPES V3.1 products. NNs are used to provide daily LAI
estimates from daily synthesis of PROBA-V reflectances in the blue, red and NIR bands
and the view-sun geometry. As for GEOV2, the daily estimates of LAI issued from the
NNs are also smoothed and temporally composited at 10-day step to generate the final
GEOV3 products. The main difference between the GEOV2 and GEOV3 algorithms is that
no climatology is used in GEOV3 methodology to fill missing data [51].

2.2.5. EPS LAI

The SAF EPS LAI product is generated on a 10-day basis at the spatial resolution of
1.1 km from the Advanced Very High Resolution Radiometer (AVHRR) sensor onboard the
Meteorological–Operational (MetOp) satellite constellation. LAI is estimated with a hybrid
retrieval approach that relies on the PROSAIL model inversion with a Gaussian Process
Regression (GPR) [4]. The PROSAIL radiative transfer model is first applied in direct mode
to build a representative database containing three short-wave channels (0.6 µm, 0.8 µm,
1.6 µm) and LAI for a broad set of canopy parameterizations and observation conditions.
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The generated simulations are then used to train a GPR. Finally, after calibration, the
GPR is applied to estimate effective LAI using as inputs the atmospherically corrected
cloud-cleared 10-day nadir normalized spectral reflectance factor in the red, NIR and
Mid-infrared (MIR) EPS bands.

2.2.6. GLASS LAI

The GLASS LAI product at 8-day and 500 m spatial resolution is produced from
MOD09A1 8-day surface reflectance data [32]. The GLASS LAI is estimated using a general
regression neural network (GRNN). Firstly, the effective CYCLOPES LAI is converted to
true LAI using the clumping index [52]. The true LAI is then combined with the MODIS
LAI through a weighted linear combination according to their uncertainties determined
from the ground-measured true LAI. The original MODIS reflectance data (MOD09A1)
are reprocessed to remove cloud contaminated pixels and fill the missing data to obtain
continuous and smooth reflectances using the algorithm proposed by Tang et al. [53].
GRNN is trained using the combined LAI and the reprocessed MODIS reflectance data for
each biome type over the BELMANIP sites [54]. Finally, the trained GRNN is applied to
retrieve LAI from the yearly MOD09A1 surface reflectance product.

2.2.7. C3S V2 LAI

The 1 km C3S V2 LAI product is derived from PROBA-V observations with a 10-day
temporal resolution, based on a 31-day observation window with asymmetric weights [13].
The Two-stream Inversion Package (TIP), which relates Bi-Hemispheric Reflectances to
various canopy parameters, is applied to visible and NIR broadband albedos to retrieve
the LAI. TIP is based on the Two-stream Model developed by Pinty et al. [55], which
implements the two-stream approximation of radiative transfer for a homogeneous canopy.
The TIP algorithm provides effective LAI. For efficient processing, the retrievals are taken
from LUTs, generated with the TIP model [13].

3. Validation Methodology

The validation approach has three main steps (Figure 2): (1) Validation of the SL2P-
based Sentinel-2 LAI product and generation of reference LAI maps after recalibration
with field measurements; (2) Validation of the hectometric and kilometric MODIS, GEOV2,
GEOV3, EPS and GLASS and C3S LAI products; and (3) Validation of the phenological
metrics derived from time series of LAI.

3.1. Validation of the Decametric LAI Product and Reference LAIs

The SL2P-based Sentinel-2 LAI product was first validated. Then, two strategies for the
generation of reference LAI were compared: (1) recalibrating the SL2P-based Sentinel-2 LAI
product with a linear regression against the LAINet LAI, and (2) generating reference LAI
through directly up-scaling the LAINet measurements with an empirical transfer function
applied to Sentinel-2 reflectances. Results derived from the above two strategies were
referred to as recalibrated SL2P-based and empirically based LAIs, respectively. Finally, the
best performant LAI, assessed with k-fold cross-validation, was adopted as the reference
LAI to validate the hectometric and kilometric LAI products.

3.1.1. Validation and Recalibration of the Sentinel-2 LAI Product

The Sentinel-2 LAI time series were validated over the entire growing season through
direct comparison with LAINet LAI measurements having a similar footprint. Then, a
linear regression relationship between the Sentinel-2 and LAINet LAI was fitted and used
to recalibrate Sentinel-2 LAI to generate recalibrated SL2P-based LAI.
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Figure 2. Flowchart of the multi-resolution LAI products validation. First, the SL2P-based Sentinel-2
LAI product was validated and recalibrated with ground measurements from LAINet. The recali-
brated SL2P LAI was compared with an empirically based LAI resulting from up-scaling LAINet
measurements with Sentinel-2 reflectance data thought the iteratively re-weighted least squares
algorithm (IRLS). This resulted in reference maps. Second, hectometric and kilometric LAI prod-
ucts were validated by comparison with the reference maps. Third, phenological metrics from
hectometric/kilometric and reference LAI time series were extracted and compared.

3.1.2. Generation of Empirically Based LAI

For comparison, the hierarchical up-scaling validation approach proposed by CEOS
WGCV was also adopted [15]. The empirical transfer function between LAINet LAI and
Sentinel-2 reflectances was established based on an iteratively re-weighted least squares
algorithm (IRLS) [56–58]. IRLS is a way of mitigating the influence of outliers in an
otherwise normally distributed data set and used to find the maximum likelihood estimates
of a generalized linear model. IRLS provides lower weight to unreliable ESUs that do not
fit well; therefore, the resulting transfer function is less sensitive to outliers in the data as
compared with ordinary least squares regression [59].

3.1.3. Assessment of the Reference LAI

A 6-fold cross validation was implemented to assess the reliability of the reference
LAI derived from recalibrated SL2P-based and empirically based methods. All the data
were randomly divided into six data subsets of the same size. In each iteration, five subsets
were used as the training sets, and the remaining subset was used as the test set. The
cross-validation process was repeated 6 times and all LAINet LAI were used for both
calibration and test processes. Finally, all the test samples at each iteration were integrated
to obtain final assessment results.

3.2. Validation of the Hectometric and Kilometric LAI Products

The spatial mismatch between the reference decametric LAI and the hectometric and
kilometric LAI products is the main issue for the validation [60,61]. In order to mediate
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geo-mismatch and footprint influence, all the LAI values covered in the 5 km × 5 km
study area were averaged, which substantially improved the robustness of the validation at
expenses of reducing the number of samples. To reduce the influence of temporal mismatch,
only reference-retrieved LAI pairs within 8-day temporal difference were considered.

Three statistical metrics—coefficient of determination (R2, Equation (1)), the root mean
square error (RMSE, Equation (2)) and the mean difference of the LAI products minus the
reference LAI maps (BIAS, Equation (3))—were used to assess the goodness-of-fit, accuracy
and systematic deviation, respectively. These metrics are computed as follows:

R2 = 1− ∑N
i=1 (yi − yi

′)2

∑N
i=1 (yi − y)2 (1)

RMSE =

√
∑N

i=1 (yi − yi
′)2

N
(2)

BIAS =
1
N

N

∑
i=1

(yi
′ − yi) (3)

where N is the number of observations, yi is the reference LAI for the ith observation, yi
′ is

the LAI to be validated, y is the mean value of reference LAI. The uncertainty threshold
established by GCOS, i.e., max (0.5, 20%) [62], was employed as a benchmark to check if
the LAI products meet the user requirements.

3.3. Validation of the Phenological Metrics

We compared the annual phenological metrics extracted from the hectometric and
kilometric LAI products with the phenology from the reference Sentinel-2 LAI time series.
Before the extraction of phenological metrics, we applied the Savitzky–Golay (SG) [63]
method to smooth time series of reference LAI, hectometric and kilometric LAI products.
The SG filter fits local polynomial functions in a temporal moving window. In this paper, a
quadratic polynomial SG filter with a time window of 7 days was used. This way, the SG
filter captures subtle and rapid changes in the data while being little sensitive to outliers.

The dynamic threshold method was applied to the smoothed time series for the
extraction of phenological metrics [64,65]. The start of season (SoS) was defined as the date
for which LAI value rises to a given percentage (50% in this study) of its seasonal amplitude.
The end of season (EoS) was computed as the date for which LAI value decreases to the
same 50% percentage of the amplitude. The peak of season (PoS) was defined as the date
for which LAI value rises to the maximum value. The SG filter and the dynamic threshold
method are executed in TIMESAT [66] software to extract the SoS, PoS and EoS metrics.

The validation of phenological metrics consists in the comparison of the timing of
the SoS, PoS and EoS for the year 2019 as extracted from hectometric and kilometric LAI
products vs. the phenological metrics derived from the reference Sentinel-2 LAI time series
after smoothing.

4. Results
4.1. Field Measurements

The time series of LAINet at each ESU showed similar temporal patterns (Figure 3).
The study area is characterized by a single-growing season. The LAI grows rapidly in the
growing period from approximately 0.5 on DOY 152 to 4–5 at the peak of the growing
period occurring on DOY 211. After DOY 211, the maize shrinks and matures, and LAI
decreases gradually. Some spurious fluctuations are observed mainly close to the peak of
the growing season.
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Figure 3. Time series of original Sentinel-2 LAI product (points) and LAINet (solid line) measurements for the six elementary
sampling units (a–f) as indicated in Figure 1. The vertical dashed line at day of year (DOY) 211 indicates the timing of the
maximum leaf development in our study area.

4.2. Validation of the Sentinel-2 LAI Product

The Sentinel-2 LAI showed high synchronization with the LAINet LAI during the
first half of the growing season (Figure 3). However, Sentinel-2 and LAINet LAI decouple
from each other around DOY 211: Sentinel-2 decreases gradually while LAINet LAI values
remain high. This decoupling may result from the different definitions of LAI: Only the
green elements of plant, i.e., green area index (GAI) are considered when calculating
Sentinel-2 LAI [39]. On the other hand, LAINet computes the total plant area index
(PAI) [38], i.e., the area index of all vegetated elements including both photosynthetic active
and inactive elements. To confirm this hypothesis, the leaf chlorophyll content (CC) of the
5 km × 5 km study area as retrieved from Sentinel-2 by SL2P was assessed (Figure 4). It
clearly revealed that CC gradually increased before DOY 211 and monotonically decreased
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after DOY 211. It implies that leaves began to turn yellow after DOY 211 and this explains
why Sentinel-2 LAI and LAINet LAI decouple after then.
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Figure 4. Time series of leaf chlorophyll content (CC) retrieved from Sentinel-2 by the Simplified
Level 2 Product Prototype Processor (SL2P). The dashed line indicates day of year (DOY) 211, when
CC began to decrease, i.e., leaf began to turn yellow in our study area.

Because of the definition discrepancy between the Sentinel-2 LAI product and LAINet
LAI, they revealed medium consistency over the entire implementation period of LAINet
(R2 = 0.47, RMSE = 1.00 and BIAS = −0.31, Figure 5a). To give a physically sound com-
parison, we eliminated the LAI-pairs after DOY 211 as shown in Figure 5b. As expected,
the consistence between the SL2P-based Sentinel-2 LAI and LAINet LAI was substantially
improved: R2 = 0.76, RMSE = 0.67 and BIAS = 0.07, with most (>80%) of the points in the
scatter lie in the GCOS uncertainty requirement (max (0.5, 20%). Our results are in accor-
dance with the studies by [22], which also demonstrated the high accuracy of SL2P-based
Sentinel-2 LAI product over crops. Since the definition of hectometric and kilometric LAI
products involved in this study also corresponds to GAI, we used only the LAINet values
before DOY 211 for recalibrating the Sentinel-2 LAI. The resulting recalibration regression
line (y = 0.96x + 0.21) is shown in Figure 5b.
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Figure 5. Comparison between the Sentinel-2 LAI and LAINet for (a) the entire time period (from day of year (DOY) 152 to
263) and (b) for the green-up period (from DOY 152 to 211). The black dashed line indicates 1:1 line, and solid line indicates
linear regressions between Sentinel-2 LAI and LAINet. The gray dashed lines show the Global Climate Observing System
uncertainty requirements for LAI (max (0.5, 20%)).
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Figure 6 shows the cross-validation results of two types of reference LAI maps. The
empirically based LAI yielded an accuracy of R2 = 0.59, RMSE = 0.80 and BIAS = 0.04 for
all sites. Approximately 55% of the points in the scatter lie in the GCOS uncertainty require-
ment (max (0.5, 20%)). The recalibrated SL2P-based LAI showed a better performance than
the empirically based one, with R2 of 0.71, RMSE of 0.79 and BIAS of 0.02; most (>70%) of
the points in the scatter lie in the GCOS uncertainty requirement (max (0.5, 20%)).
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Figure 6. Cross-validation between LAINet LAI and (a) the recalibrated SL2P-based LAI, (b) the empirically based LAI for
the green-up season (from day of year (DOY) 152 to 211). The black dashed line indicates the 1:1 line, the solid line indicates
the linear regression, and the gray dashed lines show the Global Climate Observing System uncertainty requirements for
LAI (max (0.5, 20%)).

4.3. Validation of the Hectometric and Kilometric LAI Products

Figure 7 shows the comparisons between the hectometric/kilometric LAI products
and the reference LAI. There are differences in the performance of different LAI products
due to different input reflectances and retrieval algorithms, but they all show an overall
high consistency with the reference LAI (R2 > 0.9) except EPS LAI. All the retrieved LAI
meet the GCOS uncertainty requirements (i.e., max (0.5, 20%)) except EPS and C3S V2 in few
samples (Figure 7). MODIS, GEOV3 and GEOV2 LAI products perform the best among the
validated LAI products in our study, with RMSE of 0.21, 0.22 and 0.29, respectively, small
bias (BIAS of 0.05, 0.14 and −0.01, respectively) and a high coefficient of determination (R2

of 0.97, 0.98 and 0.96, respectively). The GLASS product also performs well in our study
area (R2 = 0.94, RMSE = 0.34 and BIAS = 0.10). EPS shows the weakest consistency with
reference LAI in our study area (R2 = 0.69, RMSE = 0.68) and a saturation when LAI is
higher than 2.5 (Figure 7d). The C3S product shows high coefficient of determination with
the reference LAI (R2 = 0.96), whereas it systematically underestimates the reference LAI
values (BIAS = −0.29, Figure 7f).

Figure 8 shows the time series of MODIS, GEOV2, GEOV3, EPS, GLASS, C3S V2 and
reference LAI during 2019. The gray area in Figure 8 represents the standard deviation
calculated from reference LAI. The Copernicus Global Service products GEOV2 and GEOV3
show a high temporal consistency between them (and with reference LAI). MODIS also
agrees with reference LAI in terms of seasonality, but it shows some gaps close to the
maximum LAI. GLASS LAI is over-smoothed and shows a temporal shift with a delay in
the timing of the peak of the growing season. EPS LAI also shows a temporal delay in its
seasonality and a high discrepancy compared to reference LAI: the latter half part of EPS
time series after the peak of the growing season is outside the confidence interval. The C3S
V2 shows an advance in its phenology compared to reference LAI and it provides some
values which are out of the confidence interval.
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Figure 7. Comparison between (a) MODIS, (b) GEOV2, (c) GEOV3, (d) EPS, (e) GLASS and (f) C3S V2 with the reference
LAI. The black dashed line indicates 1:1 line, and solid line indicates linear regressions between LAI products and reference
LAI. The gray dashed lines show the Global Climate Observing System uncertainty requirements for LAI (max (0.5, 20%)).

4.4. Validation of the Phenological Metrics

Table 2 lists the SoS, EoS and PoS of different LAI products. The SoS extracted from
coarse LAI products is 1–4 days (d) earlier than that of reference LAI except for EPS which
is 6 d later. The date for EoS and PoS of coarse resolution LAI products were both later
than that of the reference LAI except MODIS and C3S V2 LAI products. C3S V2 shows a
systematic advance of −4 d for the SoS and −6 d for the PoS and EoS. EPS LAI product
showed the highest differences as compared to the reference LAI with a delay in the timing
of phenology metrics: +6d for the SoS, +20 d for the PoS and +24 d for the EoS.
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Figure 8. Time series of reference LAI, MODIS, GEOV2, GEOV3, EPS, GLASS and C3S V2 LAI
products. The shaded gray area represents the uncertainty of reference LAI.

Table 2. Timing (day of year, DOY) for the start of season (SoS), the peak of the growing season
(PoS) and the end of season (EoS) for the different LAI products. In parenthesis, the bias in days as
compared to the reference LAI phenology is indicated.

Name SoS PoS EoS

Reference LAI 174 207 252
MODIS LAI 172 (−2) 206 (−1) 244 (−8)
GEOV2 LAI 173 (−1) 208 (+1) 256 (+4)
GEOV3 LAI 172 (−2) 208 (+1) 255 (+3)

EPS LAI 180 (+6) 227 (+20) 276 (+24)
GLASS LAI 173 (−1) 216 (+9) 256 (+4)
C3S V2 LAI 170 (−4) 201 (−6) 246 (−6)

5. Discussion

This validation exercise of decametric, hectometric and kilometric LAI products focus
on the assessment of time series over maize crops. The selected area of 5 × 5 km is flat and
relatively homogenous, but the maize varieties planted in the different ESUs are different.
The types of maize under study should be the same in future experiments to facilitate up-
scaling. The spatial homogeneity is an important factor to be considered for the validation
of multi-resolution LAI products because the estimation of LAI is scale dependent due to
the strong nonlinearity of LAI with reflectance [34,67].

The small fluctuations in the field-measured time series close to the green peak
(Figure 3) were also reported in the earlier paper by [68]. There are two potential factors
explaining the fluctuations: (1) The changing weather conditions—LAINet uses multiple
observations of direct solar light to construct hemispheric gap fraction, and then calculate
LAI based on Beer Lambert law [35]. Therefore, the daily variation of the proportion of scat-
tered sky light will cause fluctuation in the time series, specially under partial cloud cover
conditions. (2) The crop management activities, e.g., weeding, irrigation and fertilization,
may result in a prompt LAI change.

We only used LAINet data for the first half of the growing season given the different
definitions of LAI considered to calculate Sentinel-2 LAI (only green elements of the canopy)
and LAINet LAI (all elements of the canopy, both photosynthetic active and inactive). The
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Sentinel-2 LAI before the peak of the growing season (DOY 211) is highly consistent with
LAINet LAI (Figure 5b) and clearly improved the performances reported in the previous
study [22]. Extending the validation to the entire growing season including senescent
period of maize would require having access to ground data from downward looking
instruments to account only green elements.

Cross-validation reveals that the proposed up-scaling approach based on the recali-
bration of existing decametric S2LR Sentinel-2 LAI product with LAINet measurements
improved the standard CEOS empirical up-scaling approach. It may constitute an alterna-
tive when low ground measurements are available. This methodology may be also applied
to other land cover types, but it is limited to the validity of the PROSAIL model used in
SL2P algorithm which assumes a turbid medium. In other conditions and over forest areas,
in particular, a specific training with a more adapted radiative transfer model would be
required.

The MODIS, GEOV2 and GEOV3 LAI products perform the best among all the vali-
dated hectometric and kilometric products in our study in terms of RMSE (RMSE = 0.21,
0.22 and 0.29, respectively) and correlation with reference LAI (R2 = 0.97, 0.98 and 0.96,
respectively). The MODIS LAI time series show some gaps close to the maximum peak of
the growing season mainly due to cloud and other poor atmospheric conditions [69,70],
which were filtered out through the quality control procedure [47]. The MODIS LAI is
generated based on a simple compositing approach of the daily LAI estimates in an 8-day
window whilst the other analyzed products use more elaborated compositing techniques
either at the level of LAI estimates (GEOV2 and GEOV3) or input reflectances (EPS, GLASS
and C3S V2) with longer and adaptive temporal windows as described in Section 2.2. The
similarity of GEOV2 and GEOV3 time series can be explained because the two versions of
products are retrieved from the same sensor (PROBA-V) and preprocessing chain, and both
are based on the use of a similar NNs retrieval approach and smoothing temporal filters
and compositing [51]. The GLASS product showed the smoothest temporal evolution
but clear artifacts in terms of phenology (Figure 8) with a delay in the second half of the
growing season after the peak of LAI as compared to the reference time series. This may be
introduced by an over-smoothing in the reprocessed MODIS reflectances which are used as
input of the GLASS algorithm (Section 2.2.6). The EPS product showed clear deficiencies
to reproduce the seasonality of reference LAI time series with a delay in its phenology
(Figure 8) and an underestimation for LAI > 3 (Figure 7). The underestimation of EPS LAI
product may indicate an early saturation of the retrieval algorithm [11]. The C3S V2 LAI
product also showed systematic differences with reference LAI both for the seasonality:
advanced phenology, and LAI magnitude: systematic underestimation of the reference LAI
values for the entire range 0–3.5 LAI and especially for low LAI values (<0.5) at the start of
growing season and high LAI values (>3.0) at the peak of growing season and after senes-
cent (Figure 8). Pinty et al. [71] attributed the high uncertainty of LAI derived from TIP
model for the small and high values to the observational uncertainties and the saturation
effects, respectively. Note, however, that the GEOV2 and GEOV3 products derived from
the same PROBA-V data, as C3S did not show these artifacts and they improved the C3S
V2 product when compared with the reference LAI both in terms of the LAI magnitude
and phenology.

The hectometric and kilometric LAI products showed an earlier SoS as compared
to the reference LAI from decametric Sentinel-2. This may be explained by the spatial
heterogeneity and the presence of species with earlier growing seasons in the study area.
The main planting crop in the study area is maize, but since it is planted by individual
farmers, it is inevitable to be covered by other crops planted in a small range or weeds.
The coarse resolution satellites may result more sensitive than high resolution satellites to
the presence of species with an earlier SoS [72]. The comparison between LAI products
and with reference LAI time series show important differences in terms of phenology with
apparent limitations for EPS, C3SV2 and GLASS which exhibit systematic differences in the
timing of phenological metrics as compared to other products and reference LAI. However,
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phenological ground measurements are not available in our study area. Further validation
and comparison with ground-based phenology will be conducted in future studies to
directly validate the satellite phenological metrics.

6. Conclusions

We proposed a direct approach to validate coarse resolution LAI products that in-
volved the scaling up of field-measured LAI via the validation and recalibration of the
Sentinel-2 LAI product. MODIS, GEOV3 and GEOV2 LAI products showed good perfor-
mance in the magnitude of LAI (RMSE < 0.3) and the timing of phenology metrics in maize
crops (within −2 d difference for the timing of the start of season (SoS), ±1 d for the peak
of season (PoS) and ±8 d for the end of season (EoS)). EPS LAI showed, on the opposite,
high differences in terms of magnitude of LAI with an underestimation of high LAI values,
R2 = 0.69 and RMSE = 0.68, and a delay in the timing of phenology metrics as compared
to other products and the reference LAI (+6 d for the SoS, +20 d for the PoS and +24 d for
the EoS). GLASS also showed a delay in the second half of the growing season after the
peak of LAI. C3S V2 showed high correlation with reference LAI values but a systematic
underestimation of LAI values with a negative BIAS of−0.29 LAI and a systematic advance
of−4d for the SoS and−6d for the PoS and EoS. More validation activities and comparison
with ground-based phenological metrics are necessary to further verify these findings. This
study demonstrated the potential of using the decametric Sentinel-2 LAI product with
minimum ground-based calibration as a reference to validate the hectometric and kilomet-
ric LAI products over cropland areas. This approach may constitute an alternative to the
standard CEOS up-scaling approach when a limited number of ground measurements are
available. The methodology may also be applied to other land cover types, but it is limited
to the conditions of validity of the physical model used for training Sentinel-2 LAI.
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