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The objective of this paper is to quantitatively validate the global MODIS and CYCLOPES leaf area index (LAI)
products using a global LAI field measurement database created on the basis of a literature review and major
validation campaigns. The MODIS LAI product suite, containing the Terra Collection 4 (C4), Terra Collection 5
(C5) and Terra+ Aqua combined C5, was analyzed, with considerable attention paid to the quality control
(QC) information. The CYCLOPES V3.1 LAI product was similarly analyzed with regard to the status map
(SM) layer. In general, the MODIS LAI has improved consistently over all releases. MODIS C5 data retrieved

Ifg}/v:rrgjmdex (LAD) with the main algorithm (QC<64) and CYCLOPES data showed a similar range of uncertainties (1.0-1.2).
MODIS Uncertainties for the best MODIS C5 (QC=0) and CYCLOPES (SM=0) estimates were around 0.9-1.1.
CYCLOPES The overall mean differences between the best MODIS C5 and CYCLOPES were within 4 0.10. The highest
SPOT/VEGETATION correspondence was obtained for woody biomes from the best MCD15 C5 data (RMSE = 0.80). Results
Validation

indicate that the uncertainties in current LAI products (around 4 1.0) are still unable to meet the accu-
racy requirement of GCOS (40.5). Although there are limitations, we recommend MODIS C5 retrieved
with the main algorithm (QC<64) and CYCLOPES for the user community. This study demonstrates the
necessity of exploring uncertainties related to the true and effective LAls separately, and reveals the
importance of referring to the quality assessment information. More field measurements are required

Uncertainty

for further studies, which should focus on under-sampled biome types and areas.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Global leaf area index (LAI) products have been provided using
satellite observations on a routine basis, such as the MODIS LAI
derived from sensors on the Terra and Aqua satellites (Myneni
et al., 2002) and the CYCLOPES LAI derived from the VEGETATION
sensors on the SPOT satellite (Baret et al., 2007). To effectively
use remote sensing LAl in various disciplines, it is critical to under-
stand the accuracy of these products (Morisette et al., 2006). The
meteorological and environmental science communities have stressed
the need for global, long-term, and validated estimates of LAI, with a
typical target accuracy of around + 0.5 according to the Global Climate
Observation System (GCOS) requirement (GCOS, 2006). In response, a
hierarchical four-stage validation approach has been adopted by the
Committee on Earth Observation Satellites (CEOS), following the
consensus of the Land Product Validation (LPV) community (WWWT1,
Morisette et al., 2006). The MODIS/Terra C5 LAI product is considered
to be validated to Stage 2 (WWW?2, Nightingale et al., 2008). The same
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validation level has also been achieved for the CYCLOPES LAI product
derived from SPOT/VEGETATION (Garrigues et al., 2008a; Weiss
etal., 2007). Validation of these satellite products is therefore an on-
going process, with regular improvements of both the products and
the independent validation schemes.

To improve the understanding of satellite LAI for users and de-
velopers, further validation studies are necessary. Firstly, validation
results from Stages 1 and 2 lack sufficient generality for global inter-
pretation of the product quality. Hence, conclusions may only be
valid for a particular region. There have been few Stage 3 validation
attempts, but it is worthy of more investigation to obtain globally
meaningful results. Secondly, assessment of each product's uncertainty
must be made, by referring to its associated quality information. How-
ever, quality information for satellite products is still poorly docu-
mented. There is no standard quality indicator for different
products provided by different agencies, which confuses users and
restricts the automation and transferability of validation studies.
Thirdly, present validation efforts primarily focus on comparing the
true LAI, whereas field optical measurement methods obtain effec-
tive estimates of LAI, and satellite products give an approximation
of the true LAI (Baret et al., 2007). Converting the effective estimate
to the true LAl is complex and prone to errors when applied globally.
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It is imperative to compare the true and effective LAls separately, es-
pecially for the CYCLOPES product, which does not explicitly account
for canopy clumping. Finally, there have not been many cross-
validation studies other than those carried out by the respective science
teams. With the advent of the latest MODIS Terra + Aqua (MCD15 C5)
LA, it became evident that the new collection needs to be examined
with a reference to earlier releases (Gonsamo, 2010).

There are several validation schemes that develop uncertainty in-
formation about moderate resolution LAI products, such as the direct
comparison method, the bridging method that makes comparison with
upscaled high resolution products, and the cross-validation method
(WWW?2, Justice et al., 2002; Morisette et al., 2006). The direct com-
parison method has been found useful for validation of LAI products
derived from MODIS (Sea et al., 2011) and AVHRR (Buermann et al.,
2002; Nikolov & Zeller, 2006). The direct comparison method is
promising when a sufficient number of ground points are used and
when the field is homogeneous over a large area. It is used when
high resolution data are difficult to obtain for the bridging validation
method, or the method of estimating the high resolution LAI is de-
termined to be problematic.

In this context, the primary objectives of this paper are twofold:
(1) to initiate the Stage 3 validation of both MODIS and CYCLOPES
LAI products, with a direct comparison of field LAl compiled from
published literature and major validation campaigns, and (2) to in-
vestigate whether the current global LAI products could meet the
observational requirements proposed by GCOS. We investigate the
MODIS LAI product suite, containing the Terra Collection 4 (MOD15
C4), the Terra Collection 5 (MOD15 C5) and the Terra + Aqua combined
Collection 5 (MCD15 C5) products. The MODIS products are further com-
pared with the CYCLOPES V3.1 LAl to provide additional insights into the
quality of global remote sensing LAI products. In these comparisons, the
MODIS quality control (QC) layer and the CYCLOPES status map (SM) are
carefully assessed.

2. Data and methods
2.1. MODIS LAI products

The 1 km 8-day MODIS LAI products are available through NASA's
Warehouse Inventory Search Tool (WIST) interface (WWW3). The
main retrieval algorithm is based on look-up tables (LUTs) simulated
from three-dimensional (3D) radiative transfer models (Knyazikhin
et al., 1998a, 1998b). Vegetation clumping has been accounted at
the shoot and canopy scales for each biome type (Knyazikhin et al.,
1998b). The recent C5 LUTs optimize the algorithm on the basis of
the stochastic radiative transfer model (Huang et al., 2008; Shabanov
et al., 2000, 2005). The LUT includes the red and near-infrared reflec-
tances, and the corresponding illumination-view geometry. When
the main algorithm fails, a back-up algorithm based on the LAI-
NDVI relationships derived from the simulations of the 3D radiative
transfer model (Myneni et al., 1997) is used to estimate the LAI for
each biome.

The MODIS LAI product suite, containing the Terra C4 (MOD15
C4), Terra C5 (MOD15 C5) and Terra+ Aqua C5 (MCD15 C5), was
investigated. Based on the quality control (QC) layer, we categorized
the data into the main (QC<64) and backup (64 <QC<128) algo-
rithms. To further investigate pixels with the best quality, the
QC=0 mask was applied to remove the influence of dead detectors
and cloud contamination. The operational MODIS LAI algorithm
uses biome types as a priori information to constrain the structural
and optical parameter space of the vegetation. Six major biomes
are used in the C4 algorithm: grasses and cereal crops (biome 1),
shrubs (biome 2), broadleaf crops (biome 3), savanna (biome 4),
broadleaf forest (biome 5), and needleleaf forest (biome 6). The C5
LAI product uses eight biome types, i.e., the broadleaf and needleleaf
forests are divided into deciduous and evergreen subclasses (Yang

et al., 2006a). Nevertheless, for the purpose of consistency, only six
biome types were used in our comparison of C4 and C5 products. It is
important to note that, at the time of completion of this paper, the C4
data have been staged offline in WIST.

2.2. CYCLOPES LAI products

The CYCLOPES LAl is generated from the SPOT/VEGETATION sen-
sor at a resolution of 1/112° (about 1km at the Equator) every
10 days for the period 1999-2007 (Baret et al., 2007). The products
(V3.1) can be downloaded from the Land Surface Thematic Centre
POSTEL (WWW4). The LAI is estimated by a neural network trained
using the one-dimensional SAIL radiative transfer model (Verhoef,
1984) simulations. The SAIL model assumes the canopy is a turbid
medium in which leaves are randomly distributed in space. The input
data for the neural network estimation include the atmospherically
corrected reflectances in red, near-infrared, and shortwave-infrared
bands, and solar zenith angles. Clumping at the plant and canopy scale
is not specifically represented in the algorithm, whereas landscape
clumping is taken into account by considering mixed pixels to be com-
posed of both pure vegetation and pure bare soil. The CYCLOPES SM
(status map) indicates the pixel's observational status. A value of
SM =0 indicates the best retrieval, while SM> 0 means the retrieval is
not optimal due to potentially aerosol, cloud, or snow contamination.

2.3. Compilation of field LAI

A number of validation studies (Morisette et al., 2006) have in-
volved taking detailed in situ measurements of LAI using destruc-
tive harvesting, allometry, or radiometric methods (Bréda, 2003;
Jonckheere et al., 2004; Weiss et al., 2004). In this study, LAI data
for 28 sites were obtained from existing research networks includ-
ing FluxNet (WWWS5), BigFoot (WWWS6; Cohen & Justice, 1999),
and VALERI (WWW?7). FluxNet (WWWS5), including AmeriFlux, has
been vital to ongoing validation studies, but usage of the FluxNet sites
is limited because these networks are not particularly designed for land
product validation. In reality, many sites lack the representation and
data services required for satellite product verification. More important-
ly, the field LAl measurements have not been conducted consistently,
with some publicized LAl values based on field experts' best estimations.
Only five of the nine BigFoot sites, and 20 of the 33 VALERI sites, were
used, because of data availability and site size considerations. Most of
the field data (62 sites) were collected from a wide literature survey
concurrent with the MODIS and CYCLOPES time frames. The data
were based on field measurements from documented experimental
plots for a range of biome types. The data varied from single date
and point measurements to time series of physical measurements.
The two main direct measurement methods are the destructive
sampling method and the specific leaf area (SLA) method (Bréda,
2003; Jonckheere et al., 2004; Weiss et al., 2004). LAI-2000 and
digital hemispherical photography (DHP) are the two most popular
indirect optical methods. All of the VALERI LAI values were obtained
with either the LAI-2000 or the DHP method (WWW?7).

2.4. Quality control of field LAI

In the field database, all measurement methods, periods, and ground
cover types were recorded. Suspicious points, such as extremely high
values, were removed based on field experience and literature reports.
The data were rigorously scrutinized to minimize the influence of differ-
ent measurement methods, clumping effects, temporal periods, biome
types and the scaling effect. It is necessary to distinguish the true
and effective LAI, corresponding to the MODIS and CYCLOPES LAI
products. In general, LAl obtained from the direct measurement
methods are considered the most accurate “true LAI” and were
used directly in the validation, followed by those from the allometric
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methods. LAI obtained from the indirect optical methods correspond
to the effective LAI, because of the violated leaf randomness assump-
tions on canopy architecture (Baret et al., 2007). To derive the true
LAI of a vegetation canopy, the effective LAI has to be corrected for
the contribution of woody canopy elements to light interception,
and for foliage clumping (Chen, 1996). Although it is theoretically
possible to estimate the true LAI from the effective LAI in reality
this is a complicated process, and was therefore not attempted in
this study. Instead, the corrections have been completed by the re-
spective investigators who made the field LAI available. We com-
pared the effective and true LAI separately to avoid uncertainties
caused by the empirical clumping correction (Chen, 1996; Fournier
et al., 2003; Schlerf et al., 2005).

Where several optical methods were available, the mean LAI values
were used. Long term field measurements are valuable for direct valida-
tion, and so when monthly, seasonal, or yearly LAI values were avail-
able, the averaged values of the satellite LAI for the same period
were compared. The quality mask of the satellite product was
applied (majority rule) in the averaging. The field LAI obtained from
the litter traps method was compared with the seasonal mean LAI.
The database was pruned to remove discrepancies between the field
vegetation and the MODIS biome types. All pruned data were syn-
thesized to one of the six MODIS biome types in the subsequent
direct comparison.

In any intercomparison or validation, geolocation uncertainties
due to different projection systems, target shift, and different point
spread functions, could be an issue (Weiss et al., 2007). The mean
or median LAI values of surrounding pixels (e.g., a 3 x 3 array of pixels)
have been recommended for validation studies (Pisek et al., 2010;
Verger et al., 2008; Weiss et al., 2007). However, the number of sites
representing a literally homogeneous 3 kmx 3 km area is rather limit-
ed. An initial test shows that using the 3 x 3 pixels would introduce
more uncertainties at a global scale. A single pixel would provide a bet-
ter match, and was thus extracted for each field observation, concurrent
with the satellite product.

Field measurements are usually collected for relatively small areas.
The difference in scale between the field measurements and the
remote sensing products will bring some errors and biases into the
comparison. Efforts were made to acquire field measurements over
relatively large (>1km?) and homogeneous areas. Many agricultural
LAI measurements, usually carried out at small experimental fields,
were excluded. It is acceptable to have more forest points, because
they are less affected by human activity than agricultural fields. On
pooling the network and literature data together, it was found that
the database contained a total of 217 field observations over 90 sites
from 1999-2006 (WWWS8).

In this study, we defined the remote sensing LAI accuracy as the
root-mean-squared error (RMSE) between ground LAI and satellite

estimation. We compared both MODIS and CYCLOPES products with
field data using the direct comparison approach. In the comparison,
the impact of the MODIS QC and CYCLOPES SM layers was taken
into account. Finally, the best quality MODIS (QC=0) and CYCLOPES
(SM =0) were compared at common field measurement locations.

3. Results
3.1. Characteristics of field measured LAI

The compiled LAI values are distributed globally across a wide
range of geographical locations. However, the site distribution indi-
cates more samples are available in North America and Europe than
other regions (Fig. 1). Biomes whose LAI values are well represented
in the database include forests, shrubs, grasses, and cereal croplands,
with the exception of broadleaf crops (n=4) (Table 1). The true LAI
values in the database range from 0.50+0.58 for shrubs to
3.65 +1.88 for needleleaf forest (Table 1). Biomes with the highest
LAl values are in the order needleleaf forest > broadleaf forest > broa-
dleaf crops, whereas those with the lowest LAI values are in the order
shrubs<savanna<grasses and cereal crops. For shrubs and savanna,
the effective LAl was overestimated (>100%) due to leaf clumping
and the impact of woody elements. For broadleaf forest, the effective
LAI estimates are comparable with the true LAI (bias<10%). This
suggests that the underestimation of LAI due to clumping effects is
somehow compensated by the overestimation of LAI through woody
structures (Fournier et al., 2003; Schlerf et al., 2005). Conversely,
the relative difference between true and effective LAI is 48.8% for
needleleaf forest. This agrees with Chen and Cihlar (1995) and
Stenberg et al. (1996) who suggested that not accounting for clump-
ing can produce errors of 30-70%.

In comparison to the statistics reported by Asner et al. (2003), the
overall LAl values (mean (SD)) decreased from 4.5 (2.5) to 1.98 (1.61)
after 2000. This decrease is partly due to the large number of tem-
perate forest (LAI>5.0) and plantation systems (LAI=8.7) prior
to 2000, which usually have very high LAI values (Asner et al.,
2003). LAI data located in plantations were seldom used in our
study due to their typically smaller size (the largest one recorded
is 100 ha). The mean and standard deviation of LAI values for tem-
perate forest calculated by Asner et al. (2003) are very high, which
may be partly due to the relatively small sites (0.2 ha on average)
(Scurlock et al., 2001).

3.2. Overall evaluation of MODIS and CYCLOPES LAI
3.2.1. All valid MODIS LAI retrievals (QC<128)

All valid MODIS retrievals from both the main and background
algorithms (QC<128) were evaluated to explore the overall quality.
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Fig. 1. Distribution of global field LAl measurement sites.
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Table 1
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Statistical distribution of field measured LAI values by biome types. Blank cells indicate

no point/data available.

Biome type True Effective Overall

n Mean (SD) n  Mean (SD) n Mean (SD)
1. Grasses and cereal crops 39  1.63 (1.09) 39  1.63(1.09)
2. Shrubs 17 050(0.58) 8 1.08(0.79) 25 0.68 (0.70)
3. Broadleaf crops 4 236 (1.11) 4 236 (1.11)
4, Savanna 39 0.83(0.84) 3 3.08(2.53) 42 0 99 (1.14)
5. Broadleaf forest 31 3.31(1.61) 20 3.64(1.74) 51 44 (1.65)
6. Needleleaf forest 10 3.65(1.88) 46 1.87(1.10) 56 2 19 (1.43)
Overall 140 1.81(1.61) 77 230(1.57) 217 1.98 (1.61)

SD: standard deviation

MODIS agreed reasonably well with ground true LAl (RMSE<1.53,
Fig. 2). A comparison of MOD15 C4 with field measurements indicates
that this product overestimates LAl (RMSE = 1.42) when all biomes
are taken into account (Fig. 2a). The discrepancies are greater at LAI> 3,
especially for woody vegetation (savanna, broadleaf and needleleaf
forests). Among the 134 pairs of data, only 63.4% are within the 4-1.0
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Fig. 2. Comparison of all valid MODIS (QC<128) and CYCLOPES retrievals with field true LAIL The four panels show (a) MODIS/Terra C4, (b) MODIS/Terra C5,

range (Fig. 2a). Similar findings have been reported by other studies
(Fang & Liang, 2005; Yang et al.,, 2006b). The poor performance of the
(4 product for woody vegetation is attributed to the limited variability
of MODIS surface reflectance data in the LUTs, which has been
addressed in the C5 products (Shabanov et al., 2005).

The improvement in the C5 products was verified using field
measurements. The new collection shows a much better agreement
with the field measurements, revealing results that are closer to
the 1:1 line (Fig. 2b and c). The disparities for woody vegetation at
LAI> 3 have improved marginally in the Terra-only C5 (RMSE =1.53).
In contrast, there is a large improvement in the correspondence of the
combined Terra+ Aqua C5 products. In total, 67.9% and 75.9% of
the pixels for the MOD15 C5 and the MCD15 C5 products, respec-
tively, are within the 4 1.0 range, although there are some overesti-
mations for broadleaf forest. The superiority of the Terra+ Aqua
combined product (RMSE=1.09) is to be expected, given the im-
proved retrieval algorithm and additional satellite observations
(Shabanov et al., 2005). The underestimation of the MODIS LAI in a
few needleleaf forest sites is due to large scale deviations between
the MODIS and ground measurements. It may also be partly due to
the ground measurements that do not include the understory.
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3.2.2. All valid CYCLOPES retrievals (LAI<6.0)

The CYCLOPES LAI has a valid range of 0-6.0 (CYCLOPES, 2006).
CYCLOPES corresponds best with the field true LAI (RMSE=0.97,
Fig. 2d), although its margin of superiority over the MCD15 C5 is
small. The superiority of CYCLOPES over MODIS should be interpreted
under the consideration that no quality flag has yet been applied for
both products. CYCLOPES is seen to outperform the C4 MODIS LAI, a
finding also reported by Weiss et al. (2007) and Garrigues et al.
(2008a). CYCLOPES products are also found to be considerably better
than the Terra-only C5 product. More than 83.8% of CYCLOPES LAI is
within a + 1.0 offset of the field measurement (Fig. 2d). Among the
111 observations, almost all CYCLOPES retrievals are <4.0, with only
two outlier points. Some underestimations are observed for broadleaf
and needleleaf forests, especially for LAI>4.0. These may have been
caused by the canopy clumping effect and the spatial mismatch
between ground measurements and pixel (Weiss et al., 2007).

3.2.3. Comparison with field effective LAI

When considering the effective LAI, it is not unexpected that the
deviations (RMSE>1.60) for MODIS estimates are much larger than
when considering the true LAI (Fig. 3). The MODIS LAI improves
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slightly over different releases, as shown by the decreasing RMSE
values. CYCLOPES products are comparable with the effective LAI
(RMSE = 1.34, Fig. 3d). This figure also illustrates that MODIS is closer
to the true LAI, since MODIS includes some clumping in the biome
characterization, whereas CYCLOPES is closer to the effective LAL
This evaluation suggests that comparison with the effective LAI
warrants further investigation with more field data. In the subse-
quent analysis, we focus on comparing the satellite LAl with the
field true LAI, with a reference to the effective LAI, particularly for
CYCLOPES.

3.3. Comparison of all good MODIS LAI retrievals (QC<64)

3.3.1. Good MODIS retrievals from the main algorithm (QC<64)

The MODIS data were split into products retrieved using the main
and the backup algorithms (Table 2). The advantage of the radiative-
transfer-based retrievals is obvious. The total number of good quality
retrievals (QC<64) increases from 85.8% for C4 to 92.5% and 97.6%
for the MOD15 C5 and MCD15 C5 products, respectively. In the C4
product, about 94.5% and 79.7% of the herbaceous and the woody
pixels, respectively, have good data quality. In C5, more than 96% of
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Table 2

Comparison of all valid MODIS and CYCLOPES with field LAI. MODIS retrievals from the main (QC<64) and the backup (64 <QC<128) algorithms were compared with field true LAI,
respectively. CYCLOPES (SM>0) was compared with the true and effective LAl respectively. The numbers in parenthesis indicate the percentage of points.

Herbaceous Woody All biomes
Points R? RMSE Points R? RMSE Points R? RMSE
MODIS/Terra C4 55 0.137 1.29 79 0.481 1.50 134 0.436 1.42
QC<64 52 (94.5%) 0.061 1.25 63 (79.7%) 0.718 1.13 115 (85.8%) 0.559 1.19
64<QC<128 3 (5.5%) 0.682 1.78 16 (20.2%) 0.155 2.46 19 (14.2%) 0.146 237
MODIS/Terra C5 54 0.171 1.18 52 0.140 1.82 106 0.307 1.53
QC<64 52 (96.3%) 0.221 1.09 46 (88.5%) 0.382 1.27 98 (92.5%) 0.465 1.17
64<QC<128 2 (3.7%) 1.000 2.58 6 (11.5%) 0.178 4.04 8 (7.5%) 0.010 3.73
MODIS/Terra + Aqua C5 24 0.042 1.16 59 0.593 1.06 83 0.526 1.09
QC<64 24 0.042 1.16 57 (96.6%) 0.599 1.05 81 (97.6%) 0.528 1.09
64<QC<128 2 (3.4%) 1.000 1.30 2 (2.4%) 1.000 1.30
VGT/CYCLOPES (true) 53 0.449 0.87 58 0.629 1.05 111 0.557 0.97
VGT/CYCLOPES (effective) 7 0.005 0.82 56 0.348 1.39 63 0.399 1.34

the herbaceous biomes and 88-97% of the woody vegetation are
retrieved with the main algorithm, which is consistent with find-
ings from the prototype study (Yang et al., 2006a). The best result
is achieved for MCD15 C5 using the main retrieval algorithm
(RMSE =1.09). The combined C5 increases the number of good
quality retrievals by 9% for woody vegetation, and retrieves all the
herbaceous pixels with the main algorithm. Similarly good results
were obtained for MOD15 C5 (RMSE=1.17). Retrievals from the
backup algorithm turn out to be poor and unacceptable.

Comparison of the MODIS (QC<64) and field LAls was conducted
for individual biome types (Table 3). The uncertainties for both grasses
and needleleaf forests are slightly high for MCD15 C5 (RMSE =1.49).
This poor performance is attributed to the small number of corre-
sponding points. For shrubs and savanna, the MODIS LAI has im-
proved consistently over all releases. The two biomes usually have
a small LAI, and the uncertainties are also small (<0.60) for the
combined C5 product, close to the GCOS accuracy requirement.
For broadleaf forest, the data quality appears to have improved
consistently over all releases, with the smallest RMSE value being
<1.0. Crop pixels usually suffer from cloud conditions during field
experiments. Obviously, more crop points are necessary in order to
achieve a conclusive result.

3.3.2. Best MODIS retrievals (QC=0)

Application of the best quality mask shows an improved corre-
spondence for MODIS (by about 10% or 0.1 LAI unit, Table 4). The
overall RMSE has decreased consistently, from 1.10 for the C4 product
to 1.00 and 0.90 for the MOD15 C5 and MCD15 C5 products, respec-
tively. For MCD15 C5, the smallest error (RMSE =0.80) is observed
for the woody biome types. Retrievals for the herbaceous biome are
generally better than for the woody biome types, except for MCD15
C5. This might have been caused by the small number of field points
and high uncertainties in grasses and cereal crops. For individual
biome types, the uncertainties for the grasses and cereal crops and
forest types are generally higher than those of the other types. In
shrubs and savanna, the uncertainties for the combined C5 product

Table 3

are below the GCOS threshold (<0.5). Caution should be exercised
when interpreting the results for individual biomes, due to the rela-
tively few corresponding observations.

Different collections of the MODIS LAI were compared with their
best quality data (QC=0) at common field points (Fig. 4). All of the
biases are positive, reflecting an overestimation in the earlier collec-
tions. The difference is most pronounced between the C4 and the
MOD15 C5 products (Fig. 4a), especially for LAI> 3.0, indicating the
large improvement of C5 over C4. The difference is minute (0.10)
between the two C5 products, with 95.7% of points within the +1.0
range (Fig. 4c), indicating the extent of stability in the best MODIS
C5 products.

3.4. Comparison of CYCLOPES retrievals

3.4.1. All valid CYCLOPES retrievals (LAI<6.0)

CYCLOPES is found to outperform MODIS using the main algorithm
(Table 2), especially for the herbaceous biomes (RMSE=0.87). For
woody biomes, the performance of CYCLOPES appears to be in line with
the MCD15 C5 main retrieval products (RMSE=1.05). For all biome
types except forests (Table 3), the RMSE values are close to or less than
1.0. The uncertainty for grasses and cereal crops (RMSE=0.95) is
smaller than MODIS, and in shrubs and savanna, the small uncer-
tainties (<0.60) are comparable with those of the MODIS C5 products.
The CYCLOPES appears to be more consistent with the field true LAI
for broadleaf forest (RMSE=0.87), and with the field effective LAI
for needleleaf forest (RMSE =1.06).

3.4.2. Best CYCLOPES LAI (SM =0)

We attempted to utilize the status map by comparing the best
CYCLOPES (SM =0) with field data (Table 4). With the small num-
ber of points, the application of the SM does not give significantly
better results, even though suspicious pixels were removed. This
might indicate that the valid CYCLOPES LAI could be recommended
for the user community if the application of quality information proves
difficult. Overall, CYCLOPES performs similarly to the MOD15 C5, but is

Comparison of MODIS from the main algorithm (QC<64) and CYCLOPES with field LAI for six individual biome types. MODIS was compared with field true LAI only. CYCLOPES

(SM>0) was compared with the true and effective LAI, respectively.

Grasses and Shrubs Broadleaf crops Savanna Broadleaf forest Needleleaf forest

cereal crops

n R? RMSE n R? RMSE n R? RMSE n R? RMSE n R? RMSE n R? RMSE
MODIS/Terra C4 36 0109 1.16 14 0297 146 2 1.000 117 31 0572 061 9 0623 172 23 0394 137
MODIS/Terra C5 35 0165 124 15 0131 064 2 1.000 092 13 0366 0.73 11 0407 1.28 22 0170 149
MODIS/Terra + Aqua C5 12 0004 149 11 0.684 0.58 1 35 0600 0.52 7 0739 096 15 0126 1.77
VGT/CYCLOPES (true) 36 0367 095 13 0.033 049 4 0340 1.06 38 0.608 0.55 11 0358 0.87 9 0054 223
VGT/CYCLOPES (effective) 7 0.005 0.82 2 1.000 2.01 15 0.033 193 39 0428 1.06
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Table 4

Comparison of the best quality MODIS (QC=0) and CYCLOPES (SM = 0) with field LAI
for all biome types. MODIS was compared with field true LAI only. CYCLOPES was com-
pared with the true and effective LAI, respectively.

Individual biome type Herbaceous/ All biomes
Woody

Biomes n R? RMSE n R? RMSE n R? RMSE
MODIS/ 1 15 0046 096 23 0.087 091 48 0.534 1.10
TerraC4 2 8 0.754 0.82

4 9 0862 057 25 0513 1.25

5 5 0180 1.44

6 11 0217 1.53
MODIS/ 1 30 0.195 1.12 46 0270 099 78 0478 1.00
TerraC5 2 14 0144 0.65

3 21 0.92

4 11 0582 0.55 32 0.509 1.01

5 6 0.0001 135

6 15 0648 1.11
MODIS/ 1 6 0.005 146 12 0.083 1.05 33 0542 0.90
Terra+ 2 6 0592 028
AquaC5 4 15 0878 031 21 0.674 0.80

5 21 0.63

6 4 0103 1.67
VGT/ 1 26 0435 0.89 39 0508 084 76 0.557 0.99
CYCLOPES 2 9 0.040 053
(true) 3 4 0340 1.06

4 28 0.786 044 37 0.655 1.12

5 4 0.050 141

6 5 0.003 256
VGT/ 5 11 0010 194 19 0.004 1.774 20 0.043 1.74
CYCLOPES 6 8 0.002 152
(effective)

marginally inferior to the MCD15 C5 (Table 4). Good results were
obtained for herbaceous biomes (RMSE=0.84). This performance is
better than the MODIS counterparts, which has only 12 observations
(Table 4). CYCLOPES does not fully account for the clumping effect
and is conceptually closer to the field effective LAI The good corre-
spondence indicates that the CYCLOPES LAl is very close to the true
LAI for herbaceous biomes (RMSE = 0.84). The clumping effect for
crops may be compensated by not accounting for the non-green
elements in satellite estimates (Baret et al., 2010). It is clear that
CYCLOPES is more comparable with the field true LAI than the
effective LAl (RMSE = 1.41 vs. 1.94) for broadleaf forest, and more
comparable with the field effective LAI than the true LAI (RMSE = 1.52
vs. 2.56) for needleleaf forest. The mixed results for forests are explained
by the clumping effect. The relative difference between the true and
effective LAls is small for broadleaf forest (<10%), while it is larger
for needleleaf forest (Section 3.1). Obviously, more data points are
necessary for the forest biomes in order to achieve a more robust
result.

3.5. Intercomparison of MODIS and CYCLOPES LAI

3.5.1. Common MODIS, CYCLOPES and field points

The consistency of MODIS (QC<64) and CYCLOPES products is
checked for 80 concurrent observations, and compared with field
true LAI (Fig. 5). Compared to the field LA, the remote sensing products
underestimate the LAI of grasses by about 0.38-0.81. Shrubs have a low
value (field LAI=0.32), and this shows a good correspondence be-
tween remote sensing and field LAI For savanna, the MCD C5 and CY-
CLOPES products give lower LAls than the field values, by 1.01 and
0.63, respectively. For broadleaf forest, both MODIS C5 products show
a better correspondence with the field LAl than the C4 product.
MODIS C5 and CYCLOPES are comparable for forests, and the mean
field value is within the range of MODIS variations. The LAI values of

Fig. 4. Intercomparison of the best MODIS LAI (QC = 0) from different collections at the
common true LAI points.
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Fig. 5. Intercomparison of mean (4 1 SD) MODIS main algorithm (QC<64) and CYCLO-
PES LAI values at common field true LAI points for each biome type. The dashed hori-
zontal line indicates the mean field true LAL The common number of observations
for each biome is shown in the parenthesis.

broadleaf forests from MODIS C5 and CYCLOPES corresponds well to the
field measurements (bias<0.25). For needleleaf forest, however, there
are some underestimations, ranging from 0.64 for MCD15 C5 to 1.14
for CYCLOPES. The underestimation of CYCLOPES is partly due to the
lack of clumping treatment. For broadleaf crops, the differences between
products are quite obvious due to the small number of common
observations.

3.5.2. Best MODIS (QC=0) and CYCLOPES (SM =0)

The correspondence between the best MODIS (QC=0) and
CYCLOPES (SM =0) data is illustrated in Fig. 6. There is a small
overestimation (0.32) for the offline MOD15 C4 (Fig. 6a), especially
for LAI>3.0. This may reflect the clump processing and the true
LAI for the MODIS product. The deviations are very low (<0.06)
for both MODIS C5 products (Fig. 6b and c), indicating the consis-
tency between the best MODIS and CYCLOPES products. MCD15
C5 and CYCLOPES agree very well, with 90% of points falling within
the +1.0 range (Fig. 6¢). Considering the small number of points
(n=20) and the limited range of LAI values (<3.0), more observations
are necessary for a full MODIS and CYCLOPES intercomparison.

3.5.3. Seasonal characteristics

We evaluated the seasonal trajectory of the two MODIS C5
(QC<64) and CYCLOPES products across six selected sites for the
period 2000-2005 (Fig. 7). The MODIS C4 was not examined, as the
product was offline during the later stages of this study and exhibits
high temporal variability (Cohen et al., 2006). The satellite products
agree reasonably well with field measurements. Fig. 7 shows a gen-
erally consistent seasonal variation, with smoother variability for
the CYCLOPES LAI The two MODIS C5 collections agree very well,
overlapping for much of the time. MODIS C5 shows some temporal
discontinuity, and an unrealistically strong variability in summer,
especially for forest biomes. This is partly due to the impact of cloud
cover.

MODIS and CYCLOPES capture the proper seasonal trajectory of
the grasslands (Fig. 7a). However, CYCLOPES experiences greater ranges
over the summer than MODIS C5, especially in 2004 (by about 0.70),
possibly due to the persistent aerosol status as indicated by the
quality mask (SM =8 or 12). The remote sensing LAI values for
shrubs (Fig. 7b) are mostly lower than 0.5, while the field measure-
ment LAls are all less than 0.2. Remote sensing derived similar peak
LAI estimates in summer, with smoother seasonal variability for
CYCLOPES (Fig. 7b). The cropland site (Fig. 7c) is a mixture of cereal

Fig. 6. Comparison of the best quality MODIS (QC=0) and CYCLOPES (SM =0) at com-
mon field true LAI points. The panels compare CYCLOPES with (a) MODIS/Terra C4, (b)
MODIS/Terra C5, and (c) MODIS/Terra + Aqua C5, respectively.
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and broadleaf crops. Due to cloud contamination, there are higher MODIS, CYCLOPES, and ground measurements agree well across
deviations in early spring (e.g., 2002) and summer (e.g., 2004). grass savanna sites (Fig. 7d), even though CYCLOPES gives a consis-
The level of variability in CYCLOPES, ranging on average from 0.1 tently lower (by about 0.12) LAI than MODIS. Over the broadleaf
to 2.5, remains higher than the MODIS products (0.1-1.6). forest site (Harvard forest, USA, Fig. 7e), the remote sensing LAI
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Fig. 7. Interannual and seasonal variations of MODIS/Terra C5, MODIS/Terra 4+ Aqua C5, and CYCLOPES LAI over some typical sites (2000-2005). Triangles represent the field effec-
tive LAI for forests and true LAI for other types. MODIS LAI are retrieved with the main algorithm (QC<64).
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shows similar seasonal patterns, but a higher variability in summer
because of mixed cloud present in the pixels. Over the needleleaf
forest site (Fig. 7f), similar high variabilities are observed for
MODIS C5 in summer. CYCLOPES shows a smooth seasonal pattern,
but is systematically lower (by about 0.80) than the MODIS re-
trievals and ground measurements. This underestimation is caused
by the fact that CYCLOPES does not explicitly account for clumping,
which could produce a difference of about 50% between the true
and effective estimates of LAI in coniferous forests (Chen & Cihlar,
1995; Stenberg, 1996). The MODIS LAI tends to increase earlier in
spring (by up to one month in 2003 and 2004 ), which may be attrib-
utable to its sensitivity to the exposure of understory vegetation in
spring (Kobayashi et al., 2010). CYCLOPES uses a generic radiative
transfer algorithm (SAIL) which, unlike the MODIS algorithm, does
not account for the structural heterogeneity for a specific biome
(Baret et al., 2007).

4. Discussion
4.1. Comparison with other similar studies

Comparison with other similar studies for a variety of vegetation
types and different validation schemes confirms the feasibility of
the direct comparison method.

Overestimation of the MODIS C4 has been reported by many pre-
vious studies with the bridging method at a local or global level (Fang
& Liang, 2005; Garrigues et al., 2008a; Hill et al., 2006; Pisek & Chen,
2007; Weiss et al., 2007). Our analysis suggests that MOD15 C5 shows
an improved consistency with the in situ measurements and a more
realistic temporal LAI dynamic. However, the results suggest that
MOD15 C5 underestimates the upper range of in situ LAl measure-
ments, which agrees with findings reported recently by De Kauwe
et al. (2011) for coniferous forest using the bridging method. MOD15
C5 shows temporal gaps and unrealistically strong variability,
especially for forest biomes during the growing season (Fig. 7), a
drawback also indicated by Kobayashi et al. (2010) for a deciduous
needleleaf forest in Siberia. This study is unique in that the latest
Terra+ Aqua C5 products were compared with in situ measure-
ments and the CYCLOPES products. The combined retrieval algo-
rithm is advantageous, as it enhances the temporal compositing
periods and reduces the environmental impact (Horn & Schulz,
2010; Yang et al., 2006a). It was not unexpected to find that the
CYCLOPES performed better than the MODIS C4 product (Garrigues
et al,, 2008a; Weiss et al.,, 2007). Validation studies with either the
bridging and cross-validation methods have indicated that the RMSE
values generally vary from 1.06-1.37 for MODIS, and from 0.50-1.24
for CYCLOPES (Garrigues et al., 2008a; Kobayashi et al., 2010; Verger
et al,, 2011; Weiss et al., 2007). This represents the status of current
MODIS and CYCLOPES LAI validation efforts. Our results (Tables 2-4)
are within the range of other similar studies. The RMSE values
(RMSE=1.19, n=115) for MOD15 C4 (Table 2) are higher than those
(RMSE=0.66, n=29) reported in earlier studies (Yang et al., 2006b,
WWW?2). The lower RMSE value in Yang et al. (2006b) might be attrib-
uted to the ideal field validation sites and the very good correspondence
for herbaceous biome types.

4.2. Implications for CEOS LPV validation and GCOS accuracy requirement

The MODIS LAl product has achieved the Stage 2 validation
(Nightingale et al., 2008). With this enhanced study and that of other
researchers (Garrigues et al., 2008a; Weiss et al., 2007), we aim to
achieve the Stage 3 validation. The Stage 3 validation involves assessing
product accuracy via independent measurements representing global
conditions (WWW?2). In-depth Stage 3 validation should involve
more comprehensive field data for under-represented biome types
and areas. The most enhanced Stage 4 validation requires the

provision of automatic quality information with the product,
which is more difficult to realize within the existing schemes.

It is clear that the available MODIS C5 and CYCLOPES LAI products
are currently unable to meet the threshold accuracy requirements, set
by GCOS, of around +0.5. We are convinced that they are able to
meet a threshold accuracy of 4-1.0. A few individual biome types,
such as the shrubs and savanna, have been shown to have met the
requirement (Table 4; Sea et al,, 2011). Nevertheless, this positive
performance should be attributed to the small average LAI values
for these two biomes (Table 1). Some studies on improved products
have reported meeting the accuracy requirements at a selected
number of sites (Pisek et al., 2010). However, this is not the case
at a global level.

4.3. Limitations of the study

The major issue facing our validation study is the mismatch of
spatial scales for the point-to-pixel comparison between moderate
resolution LAI products and reference LAI values (Chen et al., 2002;
Myneni, et al., 2005; Reich et al., 1999). This is the reason why the
bridging method is generally chosen for validation of satellite-
derived products with 1 km or coarser resolution (Garrigues et al.,
2008a; Huang et al., 2006; Morisette et al., 2006). In this study, the
ground measurement sites are carefully chosen to be distributed in
alarge homogeneous landscape (>3-5 km) that yields a representa-
tive LAl in order to minimize scale effects. With sufficient number
of samples collected from large and homogeneous sites, the LAI
distributions from field measurements and satellite data should
approximate the true intrinsic distribution of the biome (Buermann
et al.,, 2002).

Sampling across long transects (Sea et al., 2011) and validation at
the patch (multi-pixel) scale (Myneni et al., 2005) have been recom-
mended for ground-based validation of MODIS LAI Our results
showed that, with a sufficient number of field data across the globe,
a direct comparison of the mean value for multiple scattered and
similar pixels is also a legitimate method for LAI product validation.

A second source of uncertainty is the consistency of ground-based
LAI definitions and values, as a result of the diversity of measurement
methods (e.g., inclusion/exclusion of understory LAI). Direct measure-
ment methods usually suffer from artifacts related to an observer's
experiences. In optical measurement methods, foliage is assumed to
be distributed randomly throughout the canopy. The assumption of
random foliage distribution is typically invalid in forests (Chen et al.,
1997; Gower & Norman, 1991; Kucharik et al., 1998), and this as-
sumption can produce errors of up to 100% (Fassnacht et al.,, 1997).
The clumping effect accounts for another source of error when we con-
sider that field investigators have made corrections for this effect using
different methods (e.g., Chen, 1996; Chen et al., 1997; Sonnentag et al.,
2007). Clumping correction may not be necessary for broadleaf forests
because the underestimation of LAI due to clumping effects could be
compensated by the overestimation of LAl due to woody structures
(Fournier et al., 2003; Schlerf et al., 2005). Several studies have indicated
that the measurement biases as a result of different measurement tech-
niques are usually low (Asner et al., 2003; Chen et al., 2006; Coops et al.,
2004; Garrigues et al., 2008). The amplitude of uncertainties attached to
the ground measurements is reasonably expected to be on par with the
uncertainties of the ground reference LAI map used in the bridging
method (20% or 1.0 LAI unit, Fernandes et al., 2003; Garrigues et al,
2008a).

4.4. Prospects for future studies

Our results serve as a reference for further validation work and
algorithm refinement. Due to the absence of more detailed field
information, we could not further investigate the uncertainties brought
about by the various measurement methods. Future validation efforts
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are particularly necessary for biome types and regions that have not
been adequately represented, e.g., for crops and in the southern
hemisphere. This work should also be updated based on the eight
biome types in MODIS C5. For CYCLOPES, consideration of the SM
value is essential, as this choice can have significant effects on the
resulting LAI quality. There is certainly a need for more guidance
about proper usage of the SM information. Sufficient amounts of
in situ measurements would certainly help to address the scaling
issues and possible pixel-shift errors in projection. In addition to
the generic quality assessments, as illustrated in this and other studies,
the user community also requires spatially continuous uncertainty
information for the entire globe to drive the process models. The cross-
validation method should be able to address issues that could not be
solved by either the direct comparison or the bridging method. Com-
parison of the results with other validation schemes, particularly the
cross-validation method, will be conducted in a future paper.

5. Conclusions

This study validated the global MOD15 C4, MOD15 C5, MCD15 C5
and CYCLOPES LAI products by a direct comparison method based on
measurements from field campaigns and a literature survey. In general,
the MODIS estimates have improved consistently over all releases, with
an RMSE decreasing by about 0.10 for each new release. While the off-
line MOD15 C4 has its drawbacks, uncertainties of the MOD15 C5 and
MCD15 C5 products retrieved with the main algorithm (QC<64) are
similar to those of the CYCLOPES product. For all products with the
best quality flags (QC =0 for MODIS, SM = 0 for CYCLOPES), the highest
correspondence with field LAI is obtained for woody biomes from the
MCD15 C5 product (RMSE=0.80). It should be noted that the overall
mean differences between the best MODIS C5 and CYCLOPES estimates
are very small (around 0.10). Applying the quality flags significantly
reduces the number of usable pixels. Therefore, we recommend the
use of MODIS C5 data retrieved with the main algorithm (QC<64)
and the valid CYCLOPES V3.1. Nevertheless, the uncertainties of cur-
rent satellite products (within +1.0) are still unable to meet the
threshold accuracy requirements stipulated by GCOS (+0.5). Fur-
ther studies should focus on spatial uncertainties and consider the
scale difference between field measurements and moderate resolu-
tion pixels while utilizing more comprehensive observations.
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