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ABSTRACT

The fraction of absorbed photosynthetically active radiation (FAPAR) is a critical input parameter in many climate
and ecological models. The accuracy of satellite FAPAR products directly influences estimates of ecosystem pro-
ductivity and carbon stocks. The targeted accuracy of FAPAR products is 10%, or 0.05, for many applications. It is
important to evaluate satellite FAPAR products and understand differences between the products to effectively
use them in carbon cycling models. In this study, five global FAPAR products, namely MODIS, MISR, MERIS,
SeaWiFS, and GEOV1 are intercompared over different land covers and directly validated with ground-based
measurements at VAlidation of Land European Remote sensing Instruments (VALERI) and AmeriFlux sites. Inter-
comparison results show that MODIS, MISR, and GEOV1 agree well with each other and so do MERIS and
SeaWIiFs, but the difference between these two groups can be as large as 0.1. The temporal trends of these prod-
ucts agree better with each other in the Northern Hemisphere than in the Southern Hemisphere. The trends in
the Northern Hemisphere are similar to those globally. However, the conclusions from the northern hemispheric
scale could not be extended to the global scale for land covers such as savannahs and broadleaf evergreen forests.
The differences between the products are consistent throughout the year over most of the land cover types,
except over the forests, because of the different assumptions in the retrieval algorithms and the differences be-
tween green and total FAPAR products over forests. Direct validation results show that MERIS, MODIS, MISR,
and GEOV1 FAPAR products have an uncertainty of 0.14 when validating with total FAPAR measurements, and
0.09 when validating with green FAPAR measurements. Overall, current FAPAR products are close to, but have

not fulfilled, the accuracy requirement, and further improvements are still needed.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The fraction of absorbed photosynthetically active radiation
(FAPAR) is the fraction of incoming solar radiation in the spectral
range of 400 nm to 700 nm that is absorbed by plants (Liang, Li, &
Wang, 2012). FAPAR is one of the 50 Essential Climate Variables
(ECVs) recognized by the UN Global Climate Observing System (GCOS,
2011). FAPAR is a critical input parameter in the biogeophysical and
biogeochemical processes described by many climate and ecological
models (e.g., Community Land Model, Community Earth System
Model, and crop growth models) (Bonan et al., 2002; Kaminski et al.,
2012; Maselli, Chiesi, Fibbi, & Moriondo, 2008; Tian et al., 2004).

The accuracy of the satellite FAPAR products directly influences esti-
mates of ecosystem productivity and carbon stocks. A relative accuracy
of 10%, or absolute accuracy of 0.05, in FAPAR is considered acceptable in
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agronomical and other applications (GCOS, 2011). MODIS Collection 4
FAPAR product is validated with ground-based measurements in early
studies (Baret et al., 2007; Fensholt, Sandholt, & Rasmussen, 2004;
Huemmrich, Privette, Mukelabai, Myneni, & Knyazikhin, 2005;
Olofsson & Eklundh, 2007; Steinberg, Goetz, & Hyer, 2006; Turner
et al., 2005; Weiss, Baret, Garrigues, & Lacaze, 2007; Yang et al., 2006).
The improved performance of Collection 5 over Collection 4 LAl/
FAPAR products is demonstrated before the public release by
Shabanov et al. (2005). Recently, the MODIS Collection 5 FAPAR product
is assessed or compared with other products and has been shown to im-
prove accuracy over Collection 4 from 0.2 to 0.1 (Baret et al., 2013;
Camacho, Cemicharo, Lacaze, Baret, & Weiss, 2013; Martinez,
Camacho, Verger, Garcia-Haro, & Gilabert, 2013; McCallum et al.,
2010; Pickett-Heaps et al., 2014). An intermediate MODIS FAPAR Collec-
tion 4.1 product fixes the bug that existed in Collection 4, and its perfor-
mance is assessed to have improved over Collection 4 but not as good as
Collection 5 (Seixas, Carvalhais, Nunes, & Benali, 2009; Serbin, Ahl, &
Gower, 2013). The MERIS FAPAR product has been assessed or com-
pared with other FAPAR products and validated to show an accuracy
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Table 1
The AmeriFlux and VALERI experimental sites used in this study.
Site State, Country Latitude Longitude Land Cover
@) )
Mead Irrigated Nebraska, US 41.1651 —96.4766 Crops
Mead Irrigated Rotation Nebraska, US 41.1649 —96.4701 Crops
Mead Rainfed Nebraska, US 41.1797 —96.4396 Crops
Bartlett New Hampshire, US 44,0646 —71.2881 Deciduous broadleaf forests
Laprida Argentina —36.9904 —60.5527 Grass
Camerons Australia —32.5983 116.2542 Evergreen broadleaf forests
Gnangara Australia —31.5339 115.8824 Deciduous broadleaf forests
Sonian forest Belgium 50.7682 44111 Needleleaf forests
Donga Benin 9.7701 1.7784 Grass
Turco Bolivia —18.2395 —68.1933 Shrubland
Larose Canada 45.3805 —75.2170 Needleleaf forests
Concepcion Chile —37.4672 —73.4704 Deciduous needleleaf forests
Zhangbei China 41.2787 114.6878 Grass
Les Alpilles France 43.8104 4.7146 Crops
Larzac France 43.9375 3.1230 Grass
Nezer France 44.5680 —1.0382 Needleleaf forests
Plan-de-Dieu France 44,1987 4.9481 Crops
Puéchabon France 43.7246 3.6519 Mediterranean forests
Sud-Ouest France 43.5063 1.2375 Crops
Counami French Guiana 5.3471 —53.2378 Evergreen broadleaf forests
Demmin Germany 53.8921 13.2072 Crops
Gilching Germany 48.0819 11.3205 Crops
Hombori Mali 15.3310 —1.4751 Grass
Haouz Morocco 31.6592 —7.6003 Crops
Wankama Niger 13.6450 2.6353 Grass
Fundulea Romania 44,4061 26.5831 Crops
Barrax Spain 39.0570 —2.1042 Crops

The first four sites are AmeriFlux sites, others are VALERI sites.

of 0.1 to 0.12 (D'Odorico et al., 2014; Gobron et al., 2008; Martinez et al.,
2013; Pickett-Heaps et al., 2014; Seixas et al., 2009). The Sea-Viewing
Wide Field-of-View Sensor (SeaWiFS) FAPAR product has been com-
pared with other FAPAR products and evaluated to have an accuracy
of 0.1 to 0.23 in the studies by Wang et al. (2001), Gobron et al.
(2006), McCallum et al. (2010), Camacho et al. (2013), and Pickett-
Heaps et al. (2014). The GEOV1 FAPAR is intercompared against
MODIS Collection 5 and SeaWiFS products and validated to have the
best performance with an accuracy of 0.08 (Baret et al., 2013;
Camacho et al., 2013). However, few studies have evaluated the
Multi-Angle Imaging SpectroRadiometer (MISR) FAPAR product (Hu
et al.,, 2007). Currently, no intercomparison studies of MISR FAPAR
product and other FAPAR products exist. The intercomparison of the

products at various scales would help to understand and reduce large
systematic biases among the magnitudes of existing products. In con-
sideration of the need to evaluate current FAPAR products, this study
focuses on a comprehensive evaluation of the performances of MISR,
MODIS, SeaWiFS, MERIS, and GEOV1 FAPAR products at the global
scale.

The remainder of this paper is organized as follows. Section 2
presents the satellite FAPAR products and the validation data as well
as the data processing and ground-based measurement methods.
Section 3 intercompares FAPAR products globally and over different
land cover types. Section 4 directly validates the FAPAR products with
ground-based measurements. The findings are discussed and concluded
in Sections 5 and 6, respectively.
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Fig. 1. The distribution of the 27 VALERI and AmeriFlux sites. There are 3 AmeriFlux and 3 VALERI sites close to each other, which may not be distinguishable from each other at a global

scale here.
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Table 2
The characteristics of the satellite FAPAR products used in this study.
FAPAR Product Temporal Temporal Resolution Spatial Projection Algorithm
Coverage Resolution
MODIS MOD15 (C5) Feb 2000- 8 days 1km Sinusoidal Look up table method built on 3D stochastic radiative transfer
(WWW3) model for different biomes (Myneni et al., 2002).
MISR (L3/L2) Feb 2000- 1 month/equator: 0.5°/1km  Plate-carrée (geographic)/Space  Radiative transfer (RT) model with inputs of LAI and soil
(WWW4) 9 days, polar: 2 days Oblique Mercator reflectance without assumptions on biomes (Knyazikhin et al.,
1998).
GEOV1 (WWWS5) Dec 1998- 10 days 1/112° Plate-carrée Neural network to relate the fused products to the top of
canopy SPOT/VEGETATION reflectance (Baret et al., 2013).
MERIS (L3/L2) Apr 2002- 1 month/daily 0.5°/1 km Plate-carrée/sinusoidal Polynomial formula based on 1D RT model (Gobron, Pinty,
(WWW6) Verstraete, & Govaerts, 1999).
SeaWiFs (L3/L2) Sep 1997- 1 month/daily 0.5°/1km  Plate-carrée/sinusoidal Polynomial formula based on 1D RT model (Gobron, Pinty,
(WWW?7) Verstraete, & Widlowski, 2000; Gobron et al., 2006).
2. Data and methods consideration of their continuous measurements of FAPAR. The land

The data used in this study include satellite and in-situ FAPAR mea-
surements. Satellite products include MISR, MODIS, SeaWiFS, MERIS,
and GEOV1 FAPAR products. The FAPAR validation data are collected
from two groups of experimental sites: VAlidation of Land European Re-
mote sensing Instruments (VALER], WWW1) and AmeriFlux (WWW?2).
The VALERI sites are widely distributed around the world and useful for
spatial validation over different land covers (Camacho et al., 2013;
Weiss et al., 2007). Three years of measurements at AmeriFlux sites is
intended for validating FAPAR products for a long period of time in

covers of the 27 VALERI and AmeriFlux sites include 9 forests (1 of

AmeriFlux and 8 of VALERI), 11 crops (3 of AmeriFlux and 8 of VALERI),
6 grass sites (of VALERI), and 1 shrubland site (of VALERI). Their distri-
butions are shown in Fig. 1. The geolocation and land cover information
of the AmeriFlux and the VALERI sites are listed in Table 1 for reference.

Four components are measured to compute FAPAR at AmeriFlux
sites, including incoming and outgoing solar flux and flux from and to
the ground. Incoming (outgoing) solar flux is measured with Li-Cor
point quantum sensors aimed upward (downward), and placed at ap-
proximately 6 m above the ground. Flux transmitted through the
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Fig. 2. The MODIS, MERIS, MISR, SeaWiFS, and GEOV1 global FAPAR distributions in Plate-carrée projection during the period July 2005-June 2006 (every 3 months). Note the agreements
among the MODIS, MISR, and GEOV1 FAPAR products and between the MERIS and SeaWiFS FAPAR products. However, the MODIS, MISR, and GEOV1 FAPAR values were consistently
higher than the MERIS and SeaWiFS FAPAR values.
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canopy to the ground is measured with Li-Cor line quantum sensors
placed at approximately 2 cm above the ground, pointing upward.
Flux reflected by the ground is measured with Li-Cor line quantum sen-
sors placed approximately 12 cm above the ground, pointing downward
(Hanan et al., 2002). Hourly FAPAR is calculated as the ratio of absorbed
photosynthetically active radiation and incoming solar flux. All the day-
time radiation values are computed by integrating the hourly measure-
ments during a day when incoming solar flux exceeded 1 umol/m?/s,
and daily FAPAR is then calculated. Digital hemispherical photos are
used to calculate FAPAR at VALERI sites, which corresponds to the frac-
tion of intercepted PAR. High spatial resolution remote sensing data are
used as a bridge to obtain the FAPAR values in the medium resolution
pixels. The differences in the interception and the absorptions are
small (less than 5%), which are taken into account by adding error bar
on the in-situ data in this study considering the limited FAPAR
ground-based data (Serbin et al., 2013).

Satellite FAPAR products have some differences in the definition of
their products in terms of the whole canopy or green leaves, direct radi-
ation only or not, and the imaging time. The MISR FAPAR product is the
total FAPAR at 10:30 am, considering both direct and diffuse radiation
absorbed by the whole canopy. The MODIS FAPAR considers only direct
radiation, which may result in a smaller value than the MISR FAPAR
product. The imaging time of the SeaWiFS sensor is approximately
12:05 pm local time, and its FAPAR product corresponds to the black
sky FAPAR (direct radiation only) by green elements. Similarly, the

MERIS FAPAR product corresponds to the black sky FAPAR by green
elements at 10 am local time. The GEOV1 FAPAR product corresponds
to the instantaneous black-sky FAPAR by green parts around 10:15 am
local time. The SeaWiFS, MERIS, and GEOV1 FAPAR products take into
account only the absorption by green elements, which may result in
lower FAPAR values than the MISR and MODIS FAPAR products, which
include the absorption of both green and non-green elements. Overall,
most of the satellite FAPAR products correspond to the instantaneous
black-sky FAPAR around 10:15 am which is a close approximation of
the daily integrated FAPAR value collected at AmeriFlux and VALERI
sites so that the validation of satellite FAPAR products using these
ground-based measurements would be reasonable.

The spatial and temporal resolutions and the temporal coverage in-
formation of the satellite FAPAR products used in this paper, as well as
their retrieval algorithms, are listed in Table 2. The spatial resolutions
of the FAPAR products vary from 1 km to 0.5°, and the temporal resolu-
tions vary from daily to 1 month. Spatial aggregation and temporal in-
terpolation are necessary to intercompare the values across multiple
scales. The MODIS and GEOV1 FAPAR products are preprocessed to be
at the same temporal and spatial resolution than other products. The
four 8-day MODIS FAPAR images are composited to monthly product
from the average value of the highest quality data, in consideration of
the quality of the output data and the small number of 8-day input
data in a month. Average value is used because of the small number of
8-day valid observations in a month (maximum of 4). In consideration
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Fig. 3. The global, northern hemispheric, and southern hemispheric mean of quality controlled MODIS, MISR, MERIS, SeaWiFS, and GEOV1 FAPAR products during the period July 2005-
June 2006. The black curve is all five products mean. The dashed curves correspond to the mean =+ standard deviation of each product.
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of the quality of the output, we generate the average value from the
highest quality data in a month. The monthly 1 km product is resampled
to 1/112° using nearest neighbor technique and then aggregated to 0.5°
spatial resolution using spatial average. Similarly, the 30-day composite
GEOV1 FAPAR product with the highest quality is spatially aggregated
to 0.5° spatial resolution.

The different spatial scales between the FAPAR product pixels and
the in-situ measurements can induce the scaling effect of FAPAR,
which happens when the surface is heterogeneous and the retrieval al-
gorithm is nonlinear (Tao et al., 2009; Xu, Fan, & Tao, 2009). Because of
the scale difference, the validation results at more homogeneous sites
are expected to have a higher FAPAR accuracy. We evaluate the hetero-
geneity around the validation sites by calculating the standard deviation
divided by the mean of the simple ratio between near infrared and red
bands of the Landsat data in the 1 x 1 km extent around the sites corre-
sponding to the most common resolution of the satellite FAPAR prod-
ucts used for direct validation. The FAPAR accuracy at different sites is
analyzed and the impact of site heterogeneity on the FAPAR product
accuracy is explored.

3. Intercomparison of satellite FAPAR products

The MODIS, MERIS, MISR, SeaWiFS, and GEOV1 satellite FAPAR prod-
ucts are intercompared globally and over different land cover types in a
one year period. Specifically, the spatial and seasonal distributions of the
five satellite FAPAR products are intercompared globally in Section 3.1.
The performances of the five satellite FAPAR products over different
land cover types are intercompared in Section 3.2.
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3.1. Intercomparisons over the globe

The spatial distribution of the five global FAPAR products during the
period July 2005-June 2006 is depicted in Fig. 2. The MODIS global
FAPAR product generally agrees well with the MISR and GEOV1
FAPAR product, while the MERIS and SeaWiFS FAPAR products agree
well with each other. However, the difference between the group of
MODIS, MISR, and GEOV1 FAPAR products and the group of MERIS
and SeaWiFS FAPAR products is large (>0.1). The results are expected
and the primary reason is that both the SeaWiFS and the MERIS
FAPAR products correspond to absorbed fluxes for green leaf single scat-
tering whereas the MODIS and MISR FAPAR products are based on a
priori knowledge of leaf single scattering for each biome. The GEOV1
FAPAR correspond to a fused products which includes MODIS ones.

The seasonal distribution of the five preprocessed 0.5° spatial reso-
lution FAPAR products over the entire globe and the Northern and
Southern Hemispheres with the same number of pixels are depicted
in the panels of Fig. 3. The MODIS FAPAR values remain relatively stable
globally from December to March, then increase at an accelerating rate
from April to July, and finally decrease from August to the lowest values
in December. The trend in the Northern Hemisphere is slightly different,
where FAPAR remains relatively stable from January (instead of
December globally) to March, then increases from April to July, and
finally decreases from August to January (instead of December glob-
ally, 1 month longer). The reason is an increase in vegetation FAPAR
values from December in the Southern Hemisphere, so that global
FAPAR would drop to the lowest value in December even if northern
hemispheric FAPAR drops to the lowest value in January. The MERIS,
MISR, SeaWiFS, and GEOV1 global FAPAR values have similar trends
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Fig. 4. MODIS collection 5 FAPAR QC statistics globally, in the Northern Hemisphere, and the Southern Hemisphere: the percentage of main algorithm retrievals (blue), the percentage of
main algorithm under conditions of saturation (red), the percentage of backup (i.e. NDVI-based) retrievals associated with bad geometry (green), the percentage of pixels using the backup
algorithm due to reasons other than geometry (purple). Note the overall increase in high quality (main algorithm) retrievals during the middle of the growing season.
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Fig. 5. Global FAPAR difference maps between the MODIS, MISR, GEOV1, MERIS and SeaWiFS products in July 2005 (MIS: MISR, MER: MERIS, MOD: MODIS, Sea: SeaWiFS, Geo: GEOV1).

as the MODIS global FAPAR values. Therefore, satellite FAPAR prod-
ucts agree well both globally and in the Northern Hemisphere in
terms of trends. The differences of the mean values of the MODIS,
MISR, and GEOV1 FAPAR products at the global scale are very small
(<0.05 generally). The difference of the standard deviations of
MODIS and MISR is less than 0.02. The mean values of the MERIS
and SeaWiFS FAPAR products differ within 0.05 and the standard de-
viations differ within 0.015. However, the MODIS, MISR, and GEOV1
global FAPAR values are 0.05-0.1 higher than the average of the five
products; whereas the MERIS and SeaWiFS global FAPAR values are
0.05-0.1 lower than the average in terms of magnitudes. Absolute
FAPAR values are on average in decreasing order from MISR to MODIS
to GEOV1 to SeaWiFS and MERIS (McCallum et al., 2010).

The difference between the MODIS, MISR, and GEOV1 FAPAR prod-
ucts become greater in other seasons than in the vegetation growing
season, with the mean values differing by approximately 0.05. The dif-
ferences between the mean of the MERIS and SeaWiFS FAPAR products
remain stable and do not depend on the vegetation growing season. The
difference between the group of MODIS, MISR, and GEOV1 FAPAR prod-
ucts and the group of MERIS and SeaWiFS FAPAR products becomes
greater in other seasons (~0.16). The differences in the standard devia-
tions between 2 months were within 0.02 for any of the five global
FAPAR products. Therefore, the standard deviation of global FAPAR is
almost independent of the month for these FAPAR products.

Compared with the FAPAR trends in the Northern Hemisphere, op-
posite situations are found in the FAPAR trends in the Southern Hemi-
sphere. The MODIS and GEOV1 southern hemispheric FAPAR remain
relatively stable from August to November, then increase to the highest
values in May, and finally drop to the lowest values in November. The
MISR southern hemispheric FAPAR has similar trend as the MODIS
and GEOV1 southern hemispheric one, except that it drops to the lowest
values near September instead of November. The MERIS southern hemi-
spheric FAPAR is slightly different from the MODIS and MISR one. It re-
mains relatively stable from July to September, then increases to the
highest values in February, and finally drops to the lowest values near
August (3 months variation from MODIS). The SeaWiFS southern

hemispheric FAPAR remains relatively stable from July to September,
then increases to the highest values in April, and finally drops to the
lowest values in September (same as MISR). Overall, southern hemi-
spheric FAPAR remains relatively stable from August to November,
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Fig. 6. Maps of the five global FAPAR datasets in July 2005, with the mean of all five prod-
ucts per grid-cell subtracted from each dataset.
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then increases to the highest values in April or May, and finally drops to
the lowest values between September and November. The increased
disparity among products in the Southern Hemisphere is likely a result
of fewer vegetation samples there, which is explored in detail for differ-
ent land covers in Section 3.2.

The quality flags of MODIS FAPAR data are analyzed to select maps in
high quality month for further comparisons. The statistics of MODIS Col-
lection 5 FAPAR quality control flags are depicted globally and in the
Northern and Southern Hemispheres (Fig. 4). The percentage of the
main algorithm retrievals increases in the middle of the growing season
and reaches the highest value in September. The percentage of backup
retrievals due to bad geometry increases in the winter as expected be-
cause of the larger solar zenith angle. This kind of backup retrieval relat-
ed to bad geometry lasts 6 months, from October to March, both globally
and in the Northern Hemisphere and approximately 3 months, from

May to July, in the Southern Hemisphere. Overall, the analysis on the
MODIS quality flags shows that the quality of satellite FAPAR products
is better in the vegetation growing season than other season.

The difference maps between satellite FAPAR products in July are
depicted in Fig. 5. The sea/land mask is applied and only pixels with
high quality values from all of the five satellite FAPAR products are in-
cluded in the difference maps. The MISR FAPAR product exhibits some
higher FAPAR values than the MERIS and SeaWiFS FAPAR products at
high latitudes, and some slightly lower FAPAR values in the tropical for-
ests near the equator. The difference between the MERIS and SeaWiFS
FAPAR products is very small, with a few pixels located along the
boundaries of continents. The difference between the MISR and
MODIS FAPAR products is quite small as well, with only a few scatters
in the boreal forests of Asia and North America. The MISR and MODIS
FAPAR products are close to the GEOV1 FAPAR product, except some
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Fig. 8. The resampled MODIS global land cover map (MCD12) at 0.5° during the period July 2005-June 2006. The vegetated areas are classified by use of the MODIS-derived LAI/FAPAR
scheme into eight land cover types: broadleaf evergreen forest, broadleaf deciduous forest, needleleaf evergreen forest, needleleaf deciduous forest, crop, grass, savannah and shrubland.

The map also includes the unvegetated, water, and urban area.
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Fig. 9. Histograms of the quality controlled MODIS, the MERIS, the MISR, the SeaWiFS, and the GEOV1 FAPAR products over all or individual land cover types in the entire globe (black), the
Northern Hemisphere (blue), and the Southern Hemisphere (red) in July 2005. The numbers are the mean and the standard deviations of FAPAR over the entire globe (black), the Northern
Hemisphere (blue), and the Southern Hemisphere (red).
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Fig. 10. The global (black), northern hemispheric (blue), and southern hemispheric (red) FAPAR mean of all five products over different land cover types during the period July 2005-June 2006.
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boundary regions. However, the MODIS FAPAR values are apparently
higher than the MERIS and SeaWiFS FAPAR values over the boreal for-
ests and savannahs. The GEOV1 FAPAR product is consistently higher
than the MERIS and SeaWiFS FAPAR products over the tropical and
boreal forests.

The five global FAPAR datasets are averaged per grid cell and then
subtracted from each dataset to obtain the difference to the mean
maps (Fig. 6). The MODIS, MISR, and GEOV1 FAPAR products have larger
values than the average in the boreal and tropical forests and grasslands
in the Northern Hemisphere. The GEOV1 FAPAR products are closest to
the average of all the products. The MERIS and SeaWiFS FAPAR products
have apparently lower than the average values in the forests, savannahs
and grasslands. The differences to the mean maps are averaged across
different latitudes (Fig. 7). Their differences are smaller at low and
high latitudes but are larger at middle latitudes, especially in the South-
ern Hemisphere. The possible reason is the saturation of FAPAR values
in the tropical forests and the scarcity of vegetation in the high latitudes
so that the differences are smaller in these regions.

3.2. Intercomparisons over different land cover types

The MODIS global land cover map (MCD12) during the period July
2005-June 2006 is depicted in Fig. 8. The vegetated areas are classified
by use of the MODIS-derived LAI/FAPAR scheme into eight land cover
types: broadleaf evergreen forest, broadleaf deciduous forest, needleleaf
evergreen forest, needleleaf deciduous forest, crop, grass, savannah, and
shrubland (Myneni et al., 2002). The MCD12 land cover classification
product was resampled into 0.5° using the mode resampling method
by selecting the value which appears most often of all the sampled
points. Most of the vegetated areas are located in the Northern
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Hemisphere. The only exception is the broadleaf evergreen forests, the
majority of which are located in the Southern Hemisphere, including
the northwest part of South America, part of Central Africa, and the
southern part of Southeast Asia.

The histograms of the MODIS, MERIS, MISR, SeaWiFS, and GEOV1
FAPAR products over different land cover types are depicted in Fig. 9,
where the blue bars denote the number of pixels in the Northern Hemi-
sphere, and the red bars denote the number of pixels in the Southern
Hemisphere. The MODIS, the MISR, and the GEOV1 FAPAR agree well
with each other over different land cover types, and so do the MERIS
and the SeaWiFS FAPAR. The MODIS, MISR, and GEOV1 FAPAR are con-
sistently higher than the MERIS and SeaWiFS FAPAR because the former
ones detect much more pixels with FAPAR values over 0.8 than the lat-
ter, especially over tropical forests. The differences in the magnitudes
could be attributed to the different composite algorithms. Both global
MERIS and SeaWiFS monthly products correspond to median values in
a month instead of average values as the MODIS, MISR, and GEOV1
FAPAR products. In such case, there are fewer high FAPAR values in
the MERIS and SeaWiFS FAPAR products than in other products. Abso-
lute FAPAR values are on average in decreasing order from MISR to
MODIS to GEOV1 to SeaWiFS and MERIS over almost all land cover
types except needleleaf forests. The MODIS FAPAR is higher than the
MISR FAPAR over needleleaf forests, because more pixels with high
FAPAR values are detected over needleleaf forests in the MODIS FAPAR
product than in the MISR FAPAR product. The GEOV1 FAPAR product
is very close to the MODIS FAPAR product, with slight deviations over
broadleaf evergreen forests. Regarding the differences of the mean of
the products over the Northern and Southern Hemispheres, the mean
FAPAR is higher in the Northern Hemisphere than in the Southern
Hemisphere over most of the land cover types except broadleaf
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Fig. 11. The time series of the mean of quality controlled MODIS, MISR, MERIS, SeaWiFS, and GEOV1 FAPAR products over different land cover types during the period July 2005-June 2006,
with the mean of all five products subtracted from each dataset. The black line is for reference.



280

evergreen forest for the five products during the northern hemispheric
vegetation growing season. The mean FAPAR over broadleaf evergreen
forest in the Southern Hemisphere is slightly higher (~0.02) than in
the Northern Hemisphere. The mean of all five products is averaged
globally and in the Northern and Southern Hemispheres during the pe-
riod July 2005-June 2006 to show their seasonal patterns at the three
scales (Fig. 10). The southern hemispheric FAPAR is constantly higher
than the northern hemispheric FAPAR over broadleaf evergreen forests,
regardless of season.

The trend of northern hemispheric FAPAR is similar to that of global
FAPAR, with slight difference in the magnitudes (Fig. 10). The explanation
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is that the majority of the land cover is located in the Northern Hemi-
sphere, resulting in the dominant influence of northern hemispheric
FAPAR on global FAPAR. The exceptions are the FAPAR over savannah
and broadleaf evergreen forest land covers. The global FAPAR mean
over savannah remains almost constant throughout the year, but the
northern hemispheric FAPAR mean is a sine curve, with the highest
value in September and the lowest value between February and March.
There is an opposite trend in the Southern Hemisphere, and the two
trends cancel each other out globally. The global FAPAR mean over broad-
leaf evergreen forest is stabilized throughout the year, but the northern
hemispheric FAPAR is a sine curve. In this case, the curve of the global
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Fig. 12. The time series of in-situ FAPAR measurements and satellite products at four AmeriFlux sites. Green FAPAR measurements are depicted in blue line in the first panel, and total
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Mead Rainfed Site from 2006 to 2008
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Fig. 12 (continued).

FAPAR mean is similar to the curve in the Southern Hemisphere, because
the majority of broadleaf evergreen forests are located in the Southern
Hemisphere as noted.

Compared with the trends of the northern hemispheric FAPAR
mean, opposite trends are found in the southern hemispheric FAPAR
mean. The opposite relations are very apparent globally, over crop,
savannah, grass, broadleaf deciduous forest, and needleleaf evergreen
forest. The opposite relations are not apparent over shrubland and
broadleaf evergreen forest, where the southern hemispheric FAPAR is
stabilized throughout the year, but the northern hemispheric FAPAR
mean has a parabolic shape over shrubland and a sine curve over broad-
leaf evergreen forest. The global FAPAR curve overlaps with the

northern hemispheric FAPAR curve over needleleaf evergreen forests,
provided that only a few needleleaf evergreen forests are in the Southern
Hemisphere. Barely any needleleaf deciduous forests are in the Southern
Hemisphere. Both the northern hemispheric and the global FAPAR mean
have bowl-like shapes over needleleaf deciduous forests throughout the
year.

The time series of the mean of the MISR, MODIS, GEOV1, SeaWiFs,
and MERIS FAPAR products over different land cover types during the
period July 2005-June 2006 are depicted in Fig. 11, with the mean of
all five products subtracted from each dataset. The MODIS and MISR
FAPAR products are approximately 0.05-0.1 higher than the average
of the five products, and the MERIS and SeaWiFS FAPAR products are
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Table 3
Statistics of comparisons between ground-based and space products.
Site Product RMSE Bias R?
Mead Irrigated MERIS 0.182 —0.092 0.777
MODIS 0.145 0.009 0.667
MISR 0.142 0.072 0.761
GEOV1 0.114 0.067 0.773
Mead Irrigated Rotation MERIS 0.161 —0.036 0.751
MODIS 0.159 0.098 0.546
MISR 0.124 0.104 0.733
GEOV1 0.113 0.106 0.752
Mead Rainfed MERIS 0.186 —0.060 0.668
MODIS 0.143 0.070 0.626
MISR 0.125 0.043 0.638
GEOV1 0.149 0.113 0.577
Bartlett MERIS 0.127 —0.290 0.749
MODIS 0.167 —0.085 0.642
MISR 0.103 —0.086 0.842
GEOV1 0.075 —0.039 0.800

approximately 0.05-0.1 lower than the average of the five products. The
GEOV1 FAPAR product has very small difference (<0.05) to the mean
over grass, shrubland, crop and savannah. The deviations to the mean
for the five products remain stable over grass, shrubland, crops, savan-
nah, and broadleaf evergreen forests throughout the year. However, a
different situation occurs over broadleaf deciduous forests, where the
deviations are largest in October and smallest in June and July. The devi-
ations of the five products from the average over needleleaf evergreen
and needleleaf deciduous forests are largest in September and October,
and gradually decrease to the lowest values in March. The GEOV1
FAPAR product has large fluctuations over needleleaf evergreen and
needleleaf deciduous forests because of its strong seasonal pattern
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over the needleleaf forests with a standard deviation of 0.21, compared
with standard deviations around 0.11 for other FAPAR products. In such
case, it fluctuates both above and below the average line, although it has
similar seasonality as other products as shown in Fig. 3. The MISR FAPAR
product has a drop in the value over needleleaf deciduous forest in De-
cember because of no data. Overall, the differences between the prod-
ucts are consistent throughout the year over most of the land cover
types, except over the forests. The possible reason can be traced to the
different assumptions in the retrieval algorithms over forests and the
large differences between green and total FAPAR products due to tree
trunks and branches absorption (Pickett-Heaps et al., 2014). Interest-
ingly, the differences between the products do not fluctuate much in
broadleaf evergreen forests over time, because FAPAR values remain
relatively stable all year long and therefore the differences between
the products are small and consistent over broadleaf evergreen forests.

4. Direct validation of satellite FAPAR products

Satellite FAPAR products at 1 km are used for direct validation
against 3 years of ground-based continuous measurements of FAPAR
at 4 AmeriFlux sites. The validation results of the MERIS, MODIS, MISR,
and GEOV1 FAPAR products with in-situ measurements at the
AmeriFlux sites are shown in Fig. 12. The curves of the SeaWiFS FAPAR
product are similar to those of the MERIS FAPAR product, so not
shown here for clarity. The MISR FAPAR values are higher than the
MODIS, MERIS, and GEOV1 FAPAR values, especially in the middle of
the vegetation growing season. The in-situ FAPAR proxy at Mead Irrigat-
ed, Mead Irrigated Rotation, and Mead Rainfed sites reach zero before
early April and after middle November, which is the result of harvesting
the crops there. Most satellite FAPAR product values around the two
sites approach, but are not exactly, zero at the beginning and end of

Fig. 13. Landsat images with an extent of 1440 m by 1440 m around Mead Irrigated and Mead Irrigated Rotation sites (a and b), Mead Rainfed site (c and d), and Bartlett site (e and f) during

the vegetation growing season (a, ¢, e) and other seasons (b, d, f).
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the year, which is caused by the contribution from inhomogeneous land
cover, in addition to crops near the sites, or the limited soil reflectance
database used by the algorithm (Tao et al., in review). The statistics of
comparisons between ground-based and satellite FAPAR products are
listed in Table 3. The MISR FAPAR product has the highest accuracy
over the Mead Rainfed crop site. The GEOV1 FAPAR product has the
best accuracy over other crop and forest sites. The MODIS, MISR, and
GEOV1 FAPAR products agree better with in-situ measurements at the
Bartlett experimental deciduous broadleaf forest site in magnitude
than the MERIS FAPAR product does. The MERIS product has a good
seasonality profile and little variation of random error caused by cloud
contamination, but underestimates FAPAR by 0.12 overall. The underes-
timation is caused by the green leaf FAPAR estimated by MERIS versus
the total FAPAR by ground-based measurements which include the
absorptions of both leaf and non-leaf elements.

The validation results are improved when green FAPAR measure-
ments are used as reference data, shown as a magenta line for the
year 2006 in the first panel of Fig. 12. The improvement is significant
for green FAPAR products, with the root mean square error (RMSE) re-
duced from an average of 0.15 to 0.08. Therefore, the accuracy of satel-
lite green FAPAR products is improved when validated using green
FAPAR instead of total FAPAR measurements. The main reason is the se-
nescence and yellow turning of the leaves at the end of the growing sea-
son, and the green FAPAR, estimated by a multispectral optical remote
sensing approach, would naturally agree better with in-situ measured
green FAPAR than a higher value of total FAPAR (Vina & Gitelson,
2005; Zhang et al., 2005). However, the RMSE error for the MISR total
FAPAR product is increased from 0.14 to 0.15. This is understandable
as the MISR FAPAR product is total FAPAR and would naturally agree
better with total FAPAR measurements. The MODIS FAPAR product
has a slightly increased accuracy validated with green FAPAR measure-
ments because of its inclusion of direct radiation absorption only, which
has an offset from the ground-based FAPAR including both direct and
diffuse radiation. Overall, the RMSE of all FAPAR products have been re-
duced from an average of 0.14 to 0.09. However, the calculation of green
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FAPAR requires additional simultaneous measurements of green LAI
and total LAI to distinguish between green leaves and yellow leaves.
The process is labor extensive, and thus green FAPAR measurements
are not collected for all the years. Therefore, total FAPAR measurements
are used as the main validation data in this study, considering its tempo-
ral continuity.

We evaluated the site homogeneity during the vegetation growing
season and other seasons using Landsat images at 30 m high resolution.
The satellite images within an extent of 1440 m by 1440 m around the
sites are depicted in Fig. 13. We calculated the standard deviation divid-
ed by the mean of the simple ratio between near infrared and red bands
in the three regions (the first region contains two sites: Mead Irrigated
and Mead Irrigated Rotation). The values for the Mead Irrigated region
are 0.586 and 0.573 during the vegetation growing season and other
seasons, respectively. The values for the Mead Rainfed region are
0.747 and 0.381, and the values for the Barlett region are 0.162 and
0.147, respectively. With a smaller ratio between the standard deviation
and the mean of the simple ratio, the vegetation in the Barlett region is
more homogeneous than in the two Mead regions, and therefore FAPAR
is expected to have higher validation accuracy and lower RMSE than
that in the other two regions (Table 3). The averages of the homogeneity
index of the two Mead regions are very close, but the homogeneity
index of the Mead Irrigated region remains relatively stable. Therefore,
higher validation accuracy is expected in the Mead Irrigated region
than in the Mead Rainfed region.

The MODIS, MERIS, MISR, and GEOV1 FAPAR products are compared
with the ground-based measurements at the VALERI experimental sites,
as shown in Fig. 14. Generally speaking, the MERIS, SeaWiFS, and GEOV1
FAPAR have higher accuracy than the MODIS and MISR FAPAR regarding
R? and RMSE at these sites. There are missing or invalid MERIS FAPAR
values at five sites, GEOV1 FAPAR values at four sites, and MISR FAPAR
values at three sites; thus, the retrieval rates of the MERIS, GEOV1, and
MISR FAPAR products are lower than that of the MODIS and SeaWiFS
FAPAR products. The MERIS, SeaWiFS, and GEOV1 FAPAR products
perform well at all of the four land cover types, although the MERIS
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and SeaWiFS FAPAR products slightly underestimate FAPAR compared
with in-situ measurements. The MODIS FAPAR product performs well
at crop sites. The MISR FAPAR product has better performance than
the MODIS FAPAR product at grass and forest sites. The MODIS and
MISR FAPAR products do not rank high in terms of R?> and RMSE, but
have satisfactory biases close to zero values.

5. Discussion

The intercomparison studies on the five satellite FAPAR products re-
vealed some discrepancy among them. The FAPAR products have some
general relations, in which the MISR FAPAR product often has the
highest value, followed by the MODIS, GEOV1, and SeaWiFS FAPAR
products, and the MERIS FAPAR product provides the lowest value.
The difference could be partly explained by the differences in the defini-
tions of FAPAR among products. The SeaWiFS, MERIS, and GEOV1
FAPAR products take into account only the absorption by green ele-
ments, resulting in lower FAPAR values than the MISR and MODIS
FAPAR products, which include the absorption of both green and non-
green elements. The difference between the SeaWiFS and MERIS
FAPAR products is small, and it can be attributed to the differences in
the satellite overpass time and cloud masks (Gobron et al., 2008).

The intercomparison results of global FAPAR products over different
land covers show that no noticeable global trend over savannah is ob-
served, which is caused by the canceling trends of the northern and
southern hemispheric FAPAR. Therefore, the difference in the trends of
the global FAPAR products over savannah is not significant and is likely
to be caused by some random error because of the small magnitude of
the trends. The Amazon broadleaf evergreen forests exhibit slightly dif-
ferent seasonal patterns in the Northern Hemisphere from that in the
Southern Hemisphere, but the seasonality is weak compared with that
over other land cove types. There is a debate on whether a seasonal pat-
tern exists in the Amazon forests. Myneni et al. (2007) have observed a
seasonal pattern in the southern hemispheric Amazon rainforest from
MODIS data. However, Morton et al. (2014) find consistent canopy
structure and greenness during the dry season in the Amazon forests
using observations from LiDAR and MODIS (its bidirectional reflectance
effect is further corrected). As shown in this study, there could be a
weak seasonal pattern over broadleaf evergreen forests in the Southern
Hemisphere. The different findings in the two studies might be ex-
plained by the weak seasonal pattern and the large random error caused
by the saturation problem of optical remote sensing over heavily leaved
Amazon forests.

Regarding the performance of individual FAPAR products, the MERIS
has high accuracy and a good seasonality profile, but might underesti-
mate the FAPAR values by 0.05-0.15. Some other studies also find that
the MERIS FAPAR product has an uncertainty or negative bias of
0.1(Pickett-Heaps et al., 2014). Martinez et al. (2013) calculate their
FAPAR based on the MERIS MGVI algorithm, which turns out to be
very low compared with hemispherical pictures based ground measure-
ments, especially in some cultivated sites with bias around 0.16. Be-
cause the MERIS and SeaWiFS FAPAR products are very close to each
other based on the difference map of the two products in Fig. 5 in
Section 3, similar problems would exist in the SeaWiFS FAPAR product
as well. Camacho et al. (2013) evaluate the performance of SeaWiFS
FAPAR products at some VALERI sites, and find the bias of SeaWiFS to
be 0.16 and RMSE to be 0.23, even higher than MERIS FAPAR product.
The negative bias of the MERIS and SeaWiFS FAPAR products could be
a result of their retrieval of green FAPAR value. Therefore, this study
show that the accuracy of the MERIS and SeaWiFS FAPAR products
could be significantly improved from 0.15 to 0.08 when validating
with in-situ green FAPAR instead of total FAPAR measurements.

The general performances of the MODIS, MISR, and GEOV1 FAPAR
products are good when compared with in-situ measurements. The
bias is generally less than 0.05. The RMSE is approximately 0.14 when
validating with total FAPAR measurements. However, the MODIS and

MISR FAPAR products might overestimate at some sites. For example,
Martinez et al. (2013) point out that MODIS shows a tendency to pro-
vide high values in cultivated areas and Mediterranean forest, such as
Puéchabon. The MODIS FAPAR product may also have positive bias for
very low FAPAR values. A similar overestimation problem is found in
MISR FAPAR data as well, with a positive bias as large as 0.16 in broad-
leaf forests (Hu et al., 2007). In addition, unrealistically strong temporal
variations are found in MODIS data, possibly because of severe cloud
contamination during the wet season (Camacho et al.,, 2013). The
MODIS FAPAR product tends to be more consistent with in-situ mea-
surements in the dry season, linked to the absence of significant under-
story green vegetation, leaving the overlying evergreen woody
vegetation as the sole vegetation layer (Pickett-Heaps et al,, 2014). Re-
gardless, the latest versions of the FAPAR products have higher levels
of consistency than their previous versions, thanks to the continuously
improved pre-processing of the products, including better calibration,
clouds masks, etc. (Serbin et al., 2013).

6. Conclusions

This study aims at intercomparison and direct validation of five glob-
al FAPAR products, namely, MODIS, MERIS, MISR, SeaWiFS, and GEOV1
over different land cover types at the global, hemispheric and local
scales. Absolute FAPAR values are on average in decreasing order of
MISR, MODIS, GEOV1, SeaWiFS, and MERIS. The MISR and MODIS
FAPAR products tend to agree well with each other and so do the
MERIS and SeaWiFS FAPAR products, but the difference between the
two groups could be as large as 0.1. The trends of the products agree bet-
ter with each other in the Northern Hemisphere and globally than in the
Southern Hemisphere. The trends of northern hemispheric FAPAR are
close to those of global FAPAR over most of the land cover types, includ-
ing grass, crop, shrubland, and broadleaf deciduous, needleleaf ever-
green, and needleleaf deciduous forests. However, the conclusions
from the northern hemispheric scale cannot be extended to the global
scale for land covers such as savannahs and broadleaf evergreen forests,
where seasonal patterns are obvious in the Northern Hemisphere but
unnoticeable globally, because of the large contribution from the South-
ern Hemisphere over these two land covers. The differences between
the products are consistent throughout the year over most of the land
cover types, except over the forests. The possible reason could be traced
to the different assumptions in the retrieval algorithms over forests and
the differences between green and total FAPAR products due to tree
trunks and branches absorption.

The MERIS, MODIS, MISR, and GEOV1 FAPAR products have an un-
certainty of 0.14 validating with total FAPAR measurements, and 0.09
validating with green FAPAR measurements. The uncertainties of cur-
rent satellite FAPAR products (within 40.1) are still unable to meet
the threshold accuracy requirements stipulated by GCOS (+0.05).
Further improvements include combining multiple observations with
reduced uncertainty and considering the scale difference between in-
situ measurements and moderate resolution pixels.
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