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Abstract

The NRT algorithm for near real time estimation of global LAI, FAPAR and FCOVER variables from
VEGETATION (VGT) satellite data is here described. It consists of three steps (1) neural networks (one for
each variable) to provide instantaneous estimates from daily VGT-P reflectances, (2) a multi-step filtering
approach to eliminate data mainly affected by atmospheric effects and snow cover, and (3) Savitzky—Golay
and climatology temporal smoothing and gap filling techniques to ensure consistency and continuity as well as
short term projection of the product dynamics. Performances of NRT estimates were evaluated by comparison
with other products over the 2005-2008 period: (1) the offline estimates from the application of the algorithm
over historical time series (HIST), (2) the geoland2 version 1 products also issued from VGT (GEOV1/VGT)
and (3) ground data. NRT rapidly converges closely to the HIST processing after 6 dekads with major
improvement after 2 dekads. Successive reprocessing will therefore correct for some instabilities observed in
the presence of noisy and missing data. The RMSE between NRT and HIST LAl is lower than 0.4 in all cases.
It shows a rapid exponential decay with the number of observations in the composition window with
convergence when 30 observations are available. NRT products are in good agreement with ground data
(RMSE of 0.69 for LAI, 0.09 for FAPAR and 0.14 for FCOVER) and consistent with GEOV1/VGT products with
a significant improvement in terms of continuity (only 1% of missing data) and smoothness, especially at high
latitudes and Equatorial areas.

Index Terms— Near real time; continuity; consistency; biophysical variables; global scale; VEGETATION

1. Introduction

Near real time (NRT) estimation of global biophysical variables from moderate spatial resolution satellite
sensors are of high interest in a range of application areas including numerical weather forecasting or
monitoring of rapid land surface changes (e.g. droughts, hurricanes, forest fires, floods). These NRT variables
are also required to support policies on environment and water management, agriculture and food security
(White and Nemani 2006). The NRT concept refers to the minimum delay required to deliver the product. This
delay corresponds to the time necessary to acquire and process the images for daily products corresponding to
a single image acquisition. However, most products are derived after compositing the images acquired
successively within a compositing window that extends generally symmetrically before and after the date of the
product. The delay associated to the NRT product has thus to be extended by half the compositing window. To
reduce this delay, the compositing window needs to be dissymmetric by reducing the part after the date of the
product. This may be achieved by short term projection from the past values at the product date.

Although many studies point out the crucial need of NRT vegetation products (Fraser and Latifovic 2005;
Ghulam et al. 2007; Running et al. 2004), only very few deal with near real time series (White and Nemani
2006; Xiao et al. 2011), and up to now, there is no delivery of NRT global vegetation product. Apart from this
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NRT requirement, consistent and continuous long time series of global land surface variables are also essential
to identify trends and anomalies and point out high risk areas.

Europe develops operational land monitoring services within the Copernicus initiative previously known as
GMES (Global Monitoring of the Environment and Security). It will provide a series of bio-geophysical products
describing the status and evolution of land surfaces at the global scale from long time series of remote sensing
observations including near real time products. This project focuses on Leaf Area Index (LAI) and Fraction of
Absorbed Photosynthetic Active Radiation (FAPAR) variables recognized as Essential Climate Variables by
GCOS (GCOS 2011). It targets the vegetation cover fraction (FCOVER) variable as well. The Copernicus global
land component benefits from the pre-operational geoland2 FP7 project (Lacaze et al. 2010), in which the
GEOV1 products were developed.

GEOV1 products are derived from SPOT/VEGETATION data (hereafter called VGT) for the period 1999-
present (Baret et al. 2013). GEOV1 has been demonstrated to outperform current existing products both in
terms of accuracy and precision (Camacho et al. 2013). VGT time series archive was subsequently extended
back in time using AVHRR/LTDR data for the period 1981-2000 (Verger et al. 2012). The second version of
vegetation products (GEOV2) aims at being consistent with GEOV1/VGT in terms of accuracy while being
produced in near real time. NRT estimates will be complemented with offline time series from 1999 to present
which are expected to improve GEOV1/VGT in terms of continuity and consistency, especially at high latitudes
and Equatorial areas. Similarly to the GEOV1/VGT previous version, global GEOV2/VGT products at 10-day
time step and 1/112° spatial resolution will be freely delivered at Copernicus portal (land.copernicus.eu).

This paper focuses on the NRT aspect of forthcoming GEOV2/VGT products. The principles of the algorithm
to generate near real time estimates of global biophysical variables from VGT data are first described. Then
NRT estimates are evaluated based on the comparison with GEOV1/VGT and ground data. Particular
attention is paid to the influence of noise and missing data on the estimation performances.

2. Algorithm outline

The NRT algorithm capitalizes on the efforts undertaken in the first version of GEOV1/VGT products (Baret et
al. 2013) as well as in GEOV1/AVHRR (Verger et al. 2012) processing line. The main innovative relies in the
near real time estimation achieved by performing short term projection of the product dynamics. It consists of
using (1) neural networks to provide instantaneous variable estimates from VGT-P reflectances, (2) a multi-
step filtering approach to eliminate data mainly affected by atmospheric effects and snow cover, and (3)
temporal techniques to ensure consistency and continuity. The main steps of the NRT algorithm (Fig. 1) are
summarized hereafter (further details are provided in Baret et al. (2012)).

[Fig. 1]

2.1. Instantaneous estimates from VGT-P data

The derivation of the instantaneous biophysical P"“"~?(d,) 1-day products (LAl, FAPAR, FCOVER) is based
on neural networks (NNT) trained using VGT-P reflectance data and fused MODIS and CYCLOPES LAl,
FAPAR, FCOVER products similarly as in GEOV1/VGT (Baret et al. 2013). One NNT was calibrated for each
of the three P variables (LAI, FAPAR, FCOVER) considered.

The inputs of the NNT are (1) the top of the atmosphere VGT-P reflectances in the four VGT bands (BO (450
nm, AA=40 nm); B2 (645 nm, AA=70 nm); B3 (835 nm, AA=110 nm); SWIR (1165 nm, AA=170 nm)) , (2)
acquisition geometry information: cosine of the view zenith, sun zenith and relative azimuth angles, and (3)
atmospheric conditions: the ozone and water contents extracted from the VGT-P product. Correction for
Rayleigh and aerosol effects is expected to be achieved implicitly through the direct training of the networks
over the surface level biophysical products.

The output is the corresponding P“"F(d,) instantaneous value of the biophysical variable (LAI, FAPAR or
FCOVER). To be consistent with GEOV1/VGT algorithm, this output is computed similarly by fusing
CYCLOPES version 3.1 (Baret et al. 2007) and MODIS collection 5 products (Yang et al. 2006). It consists in
a weighted average of both products. The weighing, w, is designed to enhance the specific advantage of each
product while limiting their deficiencies (Baret et al. 2013).
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1 1
= 1-—
0.982 ( (1 + exp(_z. LAICYCV31 + 4‘)))

{ LAlfysea = LAlyopcs- (1 —w) + LAlgycys, - w )
FAPARfused = FAPARyopcs - (1 —w) + FAPARycys, W

w

This smooth weighing function limits the brutal change observed for LAl y-,3, = 4 in GEOV1 products (Fig.
2). Similarly to GEOV1, w = 0.5 when LAl.y,3; = 2. Note that for FCOVER, no fusion was completed since
CYCLOPES was the only existing product.

[Fig. 2]

To make the training process computationally tractable, it was achieved for the 2005-2008 period over the
Benchmark Land Multisite Analysis and Intercomparison of Products (BELMANIP2) (Baret et al. 2006) sub-
sample of sites which are representative of surface types and conditions over the Earth. To improve the NNT
performances, the learning data base was filtered to remove input data contaminated by large atmospheric
BRDF effects (very high sun and view zenith angles) and by clouds, snow or water-bodies (blue reflectance
values B0>0.25 and points lying bellow the soil line in the B2, B3 and SWIR bands). The 84789 samples
retained after the filtering process were used to train the NNT.

2.2. Multi-step outlier rejection process

Despite the fact that water vapor and ozone were explicitly introduced as inputs in the NNT, that MODIS and
CYCLOPES products are derived from atmospherically corrected reflectances, and that the training data set
was filtered, the resulting instantaneous product estimates are still contaminated by residual cloud and
atmospheric effects (Fig. 3). The remaining outliers are filtered using a three-step process: (1) data are
excluded if they do not belong to the definition domain of reflectances defined by the convex hull formed by
the training dataset or if the product is out of the physical range of variation of the variable (0-7 for LAI, 0-0.94
for FAPAR and 0-1 for FCOVER), (2) a 3-iteration Savitzky-Golay filter (Verger et al. 2011) which leads to a
smoothed curve fitted to the upper envelope of values in the time series (Fig. 3) and (3) a specific procedure
for very noisy data (high latitude and equatorial forests) based on prior knowledge of the expected seasonality
(further details are provided in Baret et al. (2012)).

[Fig. 3]

2.3. Temporal composition

A temporal composition was finally applied over the filtered daily PY¢T~P(d,) estimates to generate the
biophysical P(d,,) products at 10-day step. It combines TSGF (Verger et al. 2011) and CACAO (Verger et al.
2013) techniques. TSGF (Temporal Smoothing Gap Filling) fits a second-degree polynomial over an
asymmetric temporal window. The window is made of past and future semi-windows of adaptive length varying
between 30 and 60 days. The length of the semi-window is determined by the availability of 6 valid
observations the closest to the date of the dekad at which the product is estimated (Verger et al. 2011). If less
than 6 observations exist in a 60 day semi-window, CACAO values evenly distributed every 10-days are used
to fill gaps before the application of TSGF.

CACAO (Consistent adjustment of Climatology to Actual Observations) consists in fitting the climatology to
actual observations for each growth season by scaling the magnitude and shifting the phenology. CACAO
allows to better cope with missing and noise contaminated data as compared to standard methods as found in
Verger et al. (2013) and Kandasamy et al. (2013). The climatology is computed as the inter-annual average of
GEOV1/VGT time series over the 1999-2012 period. If it is available for a given pixel, the CACAO method
allows filling all the gaps in the time series, even for missing data during long periods. Indeed, P¢4¢4°(d,) is
closer to the PY¢T~P(d,) data than the original climatology P“™(d,) (Fig. 4). However, the main limitation of
CACAO reconstruction method is its inability to capture underlying atypical modes of seasonality including
rapid natural and human induced disturbances in the time series that strongly differ from the average
climatology (e.g. flood or fire events, changes in the land cover) (Verger et al. 2013). To prevent from such
drawback, priority is given to TSGF smoothing since it is closer than CACAO to the actual PY¢T~P(d,)
observations, while CACAO is only used to fill large gaps in the time series before the application of TSGF.
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The combination of the TSGF local fitting and the projection capacity of CACAO allows to process in near real
time (NRT) when only past observations are available. It allows also to process in offline mode the historical
time series (HIST) when observations are available before and after the considered date. In the NRT case,
CACAO is applied systematically to provide data every 10-days in the 60-day period after the NRT date. TSGF
is then applied using this 60 days semi-window in the future, while the past semi-window spreads over 30 to
60 days length depending on the availability of 6 valid observations.

The HIST and NRT processing is illustrated for LAl estimation in Fig. 4. For the NRT situation, although fitted
only with past data, CACAO (dashed blue line) estimates are generally closer to the instantaneous valid LAI
estimates from VGT-P (black circles) than the original climatology (dotted blue line). However, it can differ
from the historical processing (HIST continuous blue line) for periods with rapid LAl variations (from
senescence to dormancy in site #188) or when significant noise is observed in the data (e.g. second growing
season in site #233). In this case, the climatology fitting benefits from the availability of data before and after
the date at which LAl is estimated. The TSGF application partially mitigates the problems of CACAQO and the
resulting NRT estimates (green line) shows a better local adaptation to the data than the original CACAO
(dashed blue line). Note that NRT (green line) and HIST (black line) time series are very similar although some
instabilities in NRT solution are found for very noisy data (e.g. January-April in site #233).

To avoid the instability in NRT estimates and improve the consistency with HIST time series, the products are
updated each time a new dekad is available and processed (real time estimates). This results in the delivery of
n successive updates of the n recent past values of the products in the convergence (CONV) period. To
determine n, the difference between the CONV-n product and the HIST processing was computed for the year
2008 over the BELMANIP2 sites. It was found that after 6 dekads the CONV-6 converges closely towards the
HIST processing (Fig. 5). Therefore, products will be updated during 6 dekads and then remain stable.

[Fig. 4]

[Fig. 5]
3. Evaluation of near real time estimates

The NRT algorithm was applied over time series of VGT-P data by considering only observations in the past
period of the date being processed. The performances of NRT and CONV-n estimates are assessed by
comparison both with (1) the HIST solution resulting from the application of the algorithm in offline mode with
observations before and after the date being evaluated; (2) and GEOV1/VGT products as well as the few
ground data available. This was achieved over the BELMANIP2 (Baret et al. 2006) and DIRECT sites
(Garrigues et al. 2008) were the variables were measured at the ground level. The temporal profiles over a
sample of sites are first discussed. Then, the performance of NRT and CONV-n estimates is assessed
focusing on the influence of noise and missing data. Finally, the accuracy of NRT estimates is assessed as
compared to ground data. For the sake of brevity, results focus on LAl which, among the three derived
products (LAI, FAPAR and FCOVER), is the most used by the scientific community and the most sensitive to
uncertainties in the satellite data.

3.1 Temporal profiles for a sample of sites

Few BELMANIP2 and DIRECT sites showing typical features have been selected to illustrate the performance
of NRT estimates as compared to HIST processing, GEOV1 product and ground based measurements
(Garrigues et al. 2008).

For regular sites having enough high quality data (Fig. 6), NRT and HIST solutions are very close and show a
good agreement with GEOV1 product and ground measurements. Reasonable performances and no
significant differences were found between the NRT estimates, the intermediate solutions in the convergence
period (CONV-3) and the consolidated one (CONV-6). The NRT estimates show more instability due to the
non-availability of actual observations in the semi compositing window after the date being processed
(climatology values are used in this case).

For sites near the equator, having a significant fraction of missing data and noise due to persistent clouds (Fig.
7), NRT still provides reliable solutions and clearly outperforms GEOV1 in terms of consistency and continuity.
The background information provided by the climatology fitting allows to efficiently fill the gaps: NRT estimates
show less than 1% of missing data over the BELMANIP2 sites for the 2003-2010 period as compared to the
20% (up to 40% for needleleaf and evergreen broadleaf forests) of gaps in GEOV1 product (Verger et al.
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2014). Further, the outlier rejection applied for very noisy situations (e.g. Tapajos site) allows eliminating
contaminated data while keeping the expected level of LAl as indicated by the good agreement with ground
data.

For sites located at very high latitudes (Lat>50°) (Fig. 8), GEOV1 shows some artifacts and anomalous
seasonality in winter time (e.g. unexpected increase of LAl in October-November for Tundra and site #93).
These problems are probably due to the instabilities in the Bidirectional Reflectance Distribution Function
(BRDF) correction in extreme illumination conditions as well as possible residual snow pixel contamination
(Baret et al. 2007). These artifacts were corrected in NRT estimates because (1) the sun angle was explicitly
considered in the NNT, (2) outliers were rejected (e.g. site #93) and (3) climatology background information
regularizes the estimation leading to smooth and continuous temporal profiles. Some underestimation
problems also occurred in GEOVL1 for these high latitude sites in the summer period partly due to the
significant amount of noise in the data. Although mostly corrected in the HIST and the consolidated CONV-6
products, they can still be observed for NRT and CONV-3 (e.g. site #107, #93 and #418). This is further
investigated by evaluating the impact of noise and missing data on NRT product in the next section.

[Fig. 6]
[Fig. 7]
[Fig. 8]

3.2 Sensitivity analysis to the number of observations and data noise

To better assess the performance of NRT estimates and their expected convergence towards HIST, the root
mean square error (RMSE) between HIST and CONV-n for n varying from n=0 (initial solution corresponding
to the NRT case with no observations after the date of estimation) to n=6 (consolidated product) is
investigated as a function of the noise in the data and the number of available valid observations before the
date of the estimate in the compositing window. The RMSE between the daily P¥¢"~F observations and the
HIST values is used as an estimate of the noise.

The RMSE between CONV-n and HIST LAl linearly increases with the amount of noise in the data (Fig. 9a).
The RMSE slope of CONV-n versus RMSE of PY¢T~F relationship (both RMSE computed as compared to
HIST) is higher for the lower n order of CONV-n solutions: the initial NRT solution (n=0) is the most affected by
noisy data conversely to the consolidated solution (CONV-6). A rapid convergence is observed for the
intermediate solutions which show a similar pattern after 2 dekads (CONV-2). In all the cases including the
initial NRT (CONV-0), the slope of RMSE as a function of the noise is lower than 1 which indicates an
improvement in the performance of NRT estimates as compared to the original instantaneous PY¢7~P.
Regarding the relationship with the number of available observations (Fig. 9b), the RMSE between CONV-n
and HIST shows a rapid exponential decay. It is almost zero for 30 observations, i.e. the maximum number of
observations before the date of the estimate corresponding to the length of the half compositing window. The
RMSE values when no data is acquired before the date of the estimation (Fig. 9b) are very similar to the
RMSE values for a 0.5 noise level (Fig. 9a). In all cases, including the situations when few observations are
available and/or data are associated to a high level of noise, the discrepancies between NRT and HIST are
reasonably low (RMSE<0.4 for LAI).

The number of available observations and the RMSE values of PY¢T~Fappear to be pertinent indicators of the
quality of the NRT, CONV-n and HIST products and may help the user exploiting the time series.

[Fig. 9]

The spatio-temporal distribution of the average number of valid PY¢T~P observations before the date of
estimation (Fig. 10a) shows obvious patterns, with fewer valid observations around the equator and in winter
for the higher northern and southern latitudes. The distribution of RMSE between NRT (Fig. 10b), CONV-3
(Fig. 10c), CONV-6 (Fig. 10d) and HIST show consistent spatio-temporal patterns with the number of valid
observations: higher RMSE values are observed at locations and periods corresponding to the lower number
of available data. It must be noticed that due attention to the phenology and the associated expected LAI value
is required for a correct interpretation of the RMSE distributions. For example, the observed difference
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between NRT and HIST for high latitude (lat>50) (Fig. 10b) are lower for the winter time than in the growing
season consistently with the expected lower LAI values in winter (Fig. 8). The comparison of NRT and CONV-
3 distributions of RMSE shows that a clear improvement of CONV-3 performances (compare Fig. 10b and Fig.
10c). Marginal differences exist between RMSE distributions for CONV-3 (Fig. 10c) and CONV-6 (Fig. 10d).
These results are consistent with the previous findings (Fig. 9b) indicating a rapid convergence of the solution
after 2 dekads.

[Fig. 10]
3.3. Accuracy assessment

Both NRT and HIST estimates show a relatively good agreement with the available ground measurements of
LAI as observed over different dates along the phenological cycle of sites displayed in Fig. 6, Fig. 7 and Fig. 8.
More quantitative assessment was achieved using the 19 available ground-based measurements acquired
over 15 different 3 km x 3 km sites in the 2003-2007 period and compiled by Garrigues et al. (2008). In
addition to LAI, validation was achieved for FAPAR and FCOVER variables. For comparison purposes,
GEOV1/VGT products were also validated over the same ground dataset. Each product was interpolated at
the date of the ground measurements if two valid dekadal data exist within a maximum period of +30 days.
The comparison of NRT with the ground-based observations of LAI, FAPAR and FCOVER variables shows
respectively an overall RMSE of 0.69, 0.09, 0.14 (Table 1, Fig. 11). Similar performances are found for HIST
products over the same ground dataset (Table 1). NRT and HIST slightly outperform GEOV1 (lower RMSE,
higher correlation and slopes and offset of the linear regression respectively closer to 1 and 0). However, this
validation is limited by the low number of available ground-based measurements that were mostly achieved in
non-problematic conditions close to the maximum peak of vegetation. Further confrontation with ground based
data is required, particularly over sites located at equatorial regions (Fig. 7) or very high latitude (Fig. 8) where
higher noise and occurrence of missing data is expected in the satellite surface reflectance data.

[Fig. 11]
[Table 1]
4. Conclusions

This paper presents the NRT algorithm to derive dekadal biophysical products both for the near real time
conditions, as well as for the processing of the historical archive of VGT data at global scale. It capitalizes on
the efforts undertaken in the first version of geoland2 products (GEOV1/VGT and GEOV1/AVHRR) through a
3-step procedure including (1) neural networks to provide instantaneous estimates from VGT-P reflectances,
(2) a multi-step filtering approach to eliminate data mainly affected by atmospheric effects and snow cover,
and (3) temporal techniques (TSGF Savitzky-Golay adaptive local filter and CACAO climatology fitting) to
ensure consistency and continuity as well as short term projection of the product dynamics.

The NRT method was applied over actual satellite daily VGT-P observations for the 2005-2008 period over the
BELMANIP2 and DIRECT ensemble of sites. Performances were evaluated by comparison of NRT estimates
(i.e. when no available observation is available after the date of estimation) with historical (HIST) processing
resulting from the application of the algorithm over the archive of VGT data (i.e. using observations before and
after the considered date), GEOV1/VGT products and available ground data. Results show the potential of the
NRT algorithm for continuous, consistent and near real time estimation of global biophysical products from
satellite observations.

NRT estimates show reasonable performances to reproduce the expected seasonality over a variety of
vegetation conditions although some instabilities in the solution were identified in presence of noise and gaps
in the data. To increase the robustness of the solution and improve the consistency with HIST time series, the
products are updated each time a new dekad is processed until reaching convergence. NRT rapidly converges
closely towards the HIST processing after 6 dekads (consolidated solution) with major improvements in the
patterns of intermediate solutions after 2 dekads. The performances of the algorithm are closely linked to the
number of observations available before the date of estimation and the noise in the data. Both of them are
provided along with the product values as quality indicators.

First validation results indicate that NRT products have high consistency with GEOV1/VGT products with a
significant improvement in terms of continuity (less than 1% of missing data over the BELMANIP2 sites as
compared to the 20% of gaps in GEOV1 products) and temporal consistency (smoother products less affected
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by noise in the data), especially at high latitudes and Equatorial areas. Indeed, the use of the climatology
allows filling gaps and improves robustness in time series. Note however that for long periods of missing data,
NRT estimation is very challenging and solution may be affected by the inability of the climatology to capture
underlying atypical modes of seasonality. The user is advised to use quality metrics and quality flags
associated with the products. Finally, good agreement with the available ground measurements was observed
(root mean square error of 0.69 for LAI, 0.09 for FAPAR and 0.14 for FCOVER) although this validation needs
to be extended to other sites and years. Further, confrontations with other existing temporal methods for NRT
estimation (e.g. Jiang et al. 2010) and assimilation techniques including Kalman Filters (e.g. Xiao et al. 2011)
should also be conducted.

The proposed method will be implemented in the Copernicus GIO land programme and GEOV2/VGT global
biophysical products will be freely delivered through the Copernicus portal (land.copernicus.eu) at 1/112°
spatial resolution every 10 days in NRT as well as in offline mode (time series from 1999 to present). NRT
products are expected to support a wide range of applications and policies on the environment requiring
information of the status and evolution of land surface at global scale. Since GEOV2/VGT products are based
on the same principles as for the GEOV1/AVHRR (1981-2000) products (Verger et al. 2012), the combination
of both datasets is expected to provide continuous and consistent long time series of global LAI, FAPAR and
FCOVER variables for the last three decades. These long-term data records are expected to contribute to
global climate monitoring and earth science modeling applications.
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392  Table 1. Statistics of the comparison of NRT, HIST and GEOV1/VGT with ground measurements for LA,
393 FAPAR and FCOVER variables over the DIRECT sites for the 2003-2007 years: number of sites, number of
394  samples (sites x dates), percentage of samples which meet GCOS requirements in terms of accuracy
395  (max(20%, 0.5) for LAI, max(10%, 0.05) for FAPAR (and FCOVER) (GCOS 2011)), root mean square error
396 (RMSE), correlation coefficient (R), slope and offset of the linear regression.

397
398
399

Nb. Nb. %O0OK RMSE R slope  offset

site  sample GCOS

NRT 15 19 89 069 094 089 -0.01

g HIST 15 19 80 078 092 086 0.03

GEOV1 15 19 75 076 092 089 0.01

. NRT 13 13 62 009 097 097 0.6

T HIST 13 13 54 0.09 095 090 0.07

T Geovi 13 13 38 012 091 091 0.07

» NRT 17 24 33 0.14 088 127 -0.10

Y HIST 17 24 29 014 087 128 -0.10

§ GEOV1 17 24 33 015 086 134 -0.14
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Fig. 1. Flow chart showing the general principles of the NRT algorithm used to derive biophysical products
from VGT-P reflectances. The three main steps identified in the text are highlighted in grey. The white ellipses
correspond to the applied methods. The original, final and intermediate products with specification of their
temporal sampling (d: for daily and dio for dekadal) are indicated in rectangular white boxes. For step 1, fused
MODIS +CYCLOPES data are used only in the NNT training process.

Fig. 2. The weighing function used for the fusion between CYCLOPES and MODIS LAI and FAPAR products.
The dashed line corresponds to the weight used for generating GEOV1 products. The dotted line corresponds
tow = 0.5.

Fig. 3. lllustration of the 3-iterations of TSGF filtering (continuous line) to eliminate contaminated data (filled
circles). Empty circles correspond to valid data. The number of the BELMANIP2 site, the biome class
(following the GLOBCOVER map, (Defourny et al. 2009)) and the latitude and longitude are indicated.

Fig. 4. lllustration of the HIST and NRT LAl estimation over two BELMANIP2 sites. The number of each site,
the biome class (following GLOBCOVER map, (Defourny et al. 2009), the latitude and longitude are indicated.

Fig. 5. Evaluation of the differences between CONV-n and HIST processing over the BELMANIP2 sites for
year 2008 as a function of the number of dekads after the date being processed, n. Zero dekads (n = 0)
corresponds to the NRT case with data available only for the past. The several gray values correspond to 75%
(dark gray), 90% (medium gray) and 95% (light gray) of the population, and the dots to 5% percentile of
residual outliers. The bold back solid line (close to 0:0 line) corresponds to the median value of the
differences.

Fig. 6. Temporal profiles of the NRT, CONV-n for n=3,6 dekads after the date being processed, HIST and
GEOV1 LAl products for regular sites. The valid and filtered VGT-P LAl estimates as well as the available
ground measurements are shown. The title of each plot indicates the DIRECT site name or BELMANIP2 site
number, the GLOBCOVER (Defourny et al. 2009) biome class, the latitude and longitude in degrees.

Fig. 7. Same as Fig. 6 but for sites near the Equator.
Fig. 8. Same as Fig. 6 but for very high latitude sites.

Fig. 9. RMSE between CONV-n and HIST estimates as a function of (a) noise in the data computed as the
RMSE between the daily PYST~F observations and the HIST product and (b) number of valid observations in
the left semi-period of composition (i.e. before the date of estimation). n=0, 1...6 corresponds to the dekad
number after the date of estimation results shown for the LAI over the BELMANIP2 sites for the year 2008.
Zero dekads (n = 0) corresponds to the NRT case.

Fig. 10. Spatio-temporal distribution as a function of the latitude (10° steps) and the date of acquisition
(monthly step) of (a) the average number of valid daily VGT-P observations before the date of the NRT
estimates, (b) the RMSE between NRT and HIST, CONV-n and HIST for (c) n=3 and (d) n=6 where n is the
number of dekads after the date of estimation. Evaluation for LAl estimates over the 445 BELMANIP?2 sites for
the year 2008.

Fig. 11. Comparison of NRT estimates with scaled ground measurements for LAI, FAPAR and FCOVER. The
different symbols correspond to the five biome classes as derived from the GLOBCOVER (Defourny et al.
2009) global landcover: Shrubs/Savana/Bare soil (SSB), Crops and Grassland (CG), Deciduous Broadleaf
Forests (DBF), Needleleaf Forest (NF), and Evergreen Broadleaf Forest (EBF). The dotted line corresponds to
the 1:1 line. The solid lines represent the GCOS accuracy criteria: max(20%, 0.5) for LAI, max(10%, 0.05) for
FAPAR (and FCOVER) (GCOS 2011). The statistics of the comparison are provided in Table 1.

10



467
468

469
470
471
472
473
474
475

Fig.1

| vGT-Prho(d)) |

Fused
MODIS+CYCLOPES

P(d,)

Correct
GEOV1 Climatology
PCLIM(dl)

Outlier
ejectio
(dy)

GEOV2/VGT
P(d,)

11

3 lterations



08 \

0.6 A\

0.4r

0.2r

476 LAl ovear

477  Fig. 2
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493

12



494
495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

Fig. 3

LAI
NoWw R D

—A

# 397 (Deciduous Broadleaf F.) Lat= 56.52°¢

Lon=69.53°

Jan Feb Mar Apr M

ay

Jun Jul Aug Sep
Year 2006

13

Oct

Nov Dec

VGT-P
Outliers-3
Qutliers-2
Qutliers-1
—TSGF-3
— TSGF-2
TSGF-1




512
513

514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538

05 # 188 (Savana) Lat=10.97° Lon= 16.34°

#233 (Crops) Lat=30.95° Lon=31.05°

LAI

VGT-P
Outliers
- Climatology
— CACAQMIST
————— CACAOINRT
—HIST
NRT

0 L 1 1 1 1 1 1 L
Jan Feb Mar Apr MayJun Jul Aug Sep Oct Nov Dec
Year 2008

Fig. 4

14

0 L L L L L L L L L
Jan Feb Mar Apr MayJun Jul Aug Sep Oct Nov Dec

Year 2008




15

10

5

1SIH - U-ANOD

n dekads

539
540
541

Fig. 5

542
543
544
545

546
547

548
549
550
551
552

553
554
955
556
557
558
559

560
561
562

15



563
564

565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582

Barrax (Crops) Lat=39.07° Lon=-2.10°

1+

0
Jan Feb Mar Apr

#70 (Crops) Lat=32.18° Lon=-97.07°

May Jun Jul
Year 2005

Aug Sep Oct Nov Dec

21

0 L L L L L 1 1 L L L L
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Year 2008

Fig. 6

LAI

LAI

0 1 1 1 1 1 1 1
Jan Feb Mar Apr May Jun Jul Aug

0 | | | | | | ° | | | |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Year 2008

1 Utiel (Vineyard) Lat=39.58° Lon=-1.26°

Sep

Oct Nov Dec
Year 2007

#3 (Grass) Lat=-35.44° Lon=-68.00°

16

o

VGT-P
Qutliers
HIST
NRT
CONV-3
CONV-6




583
584

585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607

LA
o = N W o N

2

1.5

LAl

Tapajos (Tropical Forest) Lat=-2.87° Lon=-54.95°

Jan Feb Mar Apr May Jun Jul
Year 2005

Aug Sep Oct Nov Dec

#150 (Crops) Lat=-0.18° Lon= 40.45°

O L L L 1 L 1 1 1 1 L L
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Year 2008

Fig. 7

3 Donga (Grass) Lat=9.77° Lon=1.78°

12 L L L L L L L
Mar Apr May Jun Jul Aug Sep Oct
‘Year 2005

. .
Nov Dec

0 1
Jan Feb

# 337 (Crops) Lat=21.15° Lon= 106.02°

O 1 1 1 1 1 1 1 1 1 1 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Year 2008

17

VGT-P
Qutliers
—HIST
NRT
CONV-3
—— CONV-6




608

609
610

611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632

#107 (Needlgleaf F.) Lat=64.45° Lon=-152.69°

0 1 1 1 1 1 1 1 1 1 1 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
‘Year 2008

#93 (Needleleaf F.) Lat= 56.43° Lon=-105.05°

25+

2

1.5

LAI

1

05" -, i

O L L L L L L L L L L 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Year 2008

Fig. 8

LAl

Tundra (Grass) Lat=71.27° Lon=-156.61°

0.5
O 1 1 1 1 1 1 1 1 1 1 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Year 2007
# 418 (Deciduous Broadleaf F.) Lat=61.07° Lon=68.22°
6 .
_ 4r
<C
—
2 .
N

VGT-P
= Qutliers
—HIST
NRT
CONV-3
—— CONV-6

18

0 T T T s |
Jan Feb Mar Apr May Jun Jul

Year 2008

Aug Sep Oct Nov Dec




0.4 . . . . 0.4
0.357 0.35¢
0.3}
0.25¢

0.2}

RMSE
O
(S
RMSE

0.15¢}
0.05¢

0 0.1 02 03 04 05 10 15 20 25

hoise hum. obs.
633

634  Fig. 9
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652

19



70
50 0.25
40
30 02
= 20 e
@ @
3 10 E 0.15
T 0 ®
- -
10 0.1
-20
-30 0.05
o .
-50 0
Jan FebMarApr MayJun Jul AugSepOct NovDec
70
60
0.25 50 0.25
40
= 02 30+ 0.2
= by 20+
B 0.15 E 10 0.15
: 5 9
0.1 -10 01
=20} y
0.05 -30} 1 0.05
-40+
S0 [ S
Jan FebMarApr MayJun Jul AugSepOct NovDec Jan Feb Mar Apr MayJun Jul AugSepQOct NovDec
653
654  Fig. 10
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669

20



LAI

FAPAR

6
4
o
=
2
0* 0~
0 2 4 B 0 02 04 06 08 1
GROUND GROUND
670
671  Fig. 11
672

21

NRT

)
0 02 04 06 08 1
GROUND

FCOVER

SSB
CG
DBF
EBF
NF




