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Abstract

Vegetation phenology is the chronology of periodic phases of development. It constitutes an efficient bio-indicator of impacts of climate
changes and a key parameter for understanding and modelling vegetation-climate interactions and their implications on carbon cycling. Numerous
studies were devoted to the remote sensing of vegetation phenology. Most of these were carried out using data acquired by AVHRR instrument
onboard NOAA meteorological satellites. Since 1999, multispectral images were acquired over the whole earth surface every one to two days by
MODIS instrument onboard Terra and Aqua platforms. In comparison with AVHRR, MODIS constitutes a significant technical improvement in
terms of spatial resolution, spectral resolution, geolocation accuracy, atmospheric corrections scheme and cloud screening and sensor calibration.
In this study, 250 m daily MODIS data were used to derive precise vegetation phenological dates over deciduous forest stands. Phenological
markers derived from MODIS time-series and provided by MODIS Global Land Cover Dynamics product (MOD12Q2) were compared to field
measurements carried out over the main deciduous forest stands across France and over five years. We show that the inflexion point of the
asymmetric double-sigmoid function fitted to NDVI temporal profile is a good marker of the onset of green-up in deciduous stands. At plot level,
the prediction uncertainty is 8.5 days and the bias is 3.5 days. MODIS Global Land Cover Dynamics MOD12Q2 provides estimates of onset of
green-up dates which deviate substantially from in situ observations and do not perform better than the null model. RMSE values are 20.5 days
(bias -17 days) using the onset of greenness increase and 36.5 days (bias 34.5 days) using the onset of greenness maximum. An improvement of
prediction quality is obtained if we consider the average of MOD12Q2 onset of greenness increase and maximum as marker of onset of green-up
date. RMSE decreases to 16.5 days and bias to 7.5 days.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Phenology is the chronology of periodic phases of develop-
ment of living species. For vegetation ecosystems, phenology
characterises the seasonal behaviour of the main biological
events such as budburst, flowering, fructification and leaf se-
nescence. The vegetation seasonality reflects adaptive responses
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of species to climate variability, mainly the temperature and
daylength in temperate and boreal regions (Kramer et al., 2000)
and water availability in arid and semi-arid regions (Zhang
et al., 2005). Therefore, timing of phenological cycles is used as
an efficient bio-indicator of climate change impacts (Menzel,
2002; Chuine et al., 2004; Clark and Thompson, 2004) and as a
key parameter for understanding and modelling vegetation–
climate interactions (Crucifix et al., 2005) and their implications
on carbon cycling (Kaduk and Heimann, 1996). In situ ob-
servations (national phenological networks, phenological gar-
dens, GLOBE student observations, etc.), empirical or bioclimatic

mailto:kamel.soudani@u-psud.fr
http://dx.doi.org/10.1016/j.rse.2007.12.004


2644 K. Soudani et al. / Remote Sensing of Environment 112 (2008) 2643–2655
models (Schwartz, 1990; Schaber and Badeck, 2003) and remote
sensing constitute the three possible ways for monitoring the
timing of vegetation phenological events. Ground based obser-
vations of vegetation phenology across large areas are expensive,
time consuming and subject to uncertainty due to operator bias.
Empirical and bioclimatic models are often species specific and
calibrated at local scales (Chuine et al., 2000). Their application at
global scale may not be accurate and depends also on availability
of vegetation maps and complete and consistent climate records
used as forcing variables. Remote sensing has the advantages of
being the only way of sampling at low-cost with good temporal
repeatability over large and inaccessible regions.

Numerous studies were devoted to the remote sensing of
vegetation phenology. These studies, mainly using NOAA
AVHRR data, focused in two general issues: (1) developing
methods for reconstructing a good quality satellite time-series
datasets (Holben, 1986; Viovy et al., 1992; Cihlar et al., 1998;
Jönsson and Eklundh, 2002; Chen et al., 2004); and (2)
exploring and evaluating the use of satellite derived phenolo-
gical metrics for studying terrestrial ecosystems dynamics at
different spatial and temporal scales (Myneni et al., 1997;
Schwartz et al., 2002; White et al., 2002; Stöckli and Vidale,
2004; Fisher et al., 2006).

Generally speaking, remote sensing of key dates of main
phenological events was based on tracking significant changes
on temporal trajectories of spectral vegetation indices (SVIs)
which are more stable over time than single bands. That requires
SVI time-series with good time resolution, over homogeneous
area, cloud-free and not affected by atmospheric and geometric
effects and variations in sensor characteristics (calibration,
spectral responses). Cloud cover is the most serious problem in
optical remote sensing of earth's surface. Numerous techniques
were developed in order to automatically retain cloud-free
images. The most commonly used method is the Maximum
Value Composite technique MVC developed by Holben (1986)
which produces composite image over a fixed period of time by
retaining for each pixel the maximum NDVI value from daily
images acquired over this period. Because this method suffers a
number of drawbacks particularly a preferential selection of off-
nadir values (Lovell et al., 2003), a modified version of MVC
method by selecting maximum SVI value with view zenith
angles closest to nadir view is used in generating MODIS SVI
products (Wolfe et al., 1998). Despite this continuous technical
improvement, satellite data are not completely “clean” but
contain residual effects due to sub-pixel clouds, cloud shadows
and haze (Cihlar et al., 1998). Other methods for filtering cloud
cover and noise removing were also proposed such as Best
Index Slope Extraction (BISE) (Viovy et al., 1992), function
fitting (Jönsson and Eklundh, 2002; Zhang et al., 2003), Fourier
analysis (Wagenseil and Samimi, 2006; Moody and Johnson,
2001), Savitsky–Golay filter (Chen et al., 2004) and mean value
iteration filter (Ma and Veroustaete, 2006).

Considerable effort has also been spent in the last decade on
development of methods for identifying and calculating phe-
nological transition dates using SVI time-series. Briefly, these
methods can be categorized as follows: (1) Using a user-defined
threshold separating growing season from dormancy period.
The threshold is fixed at single value depending on vegetation
type or defined at pixel level (White et al., 1997; Schwartz et al.,
2002; White et al., 2002; Suzuki et al., 2003; Chen et al., 2004;
White and Nemani, 2006; Delbart et al., 2006; Studer et al.,
2007); (2) Using numerical procedures to detect the period
showing significant and rapid increase in SVI time-series
(Kaduk and Heimann, 1996; Moulin et al., 1997; Schwartz
et al., 2002) and (3) Using the parameters of appropriate
functions fitted to SVI time-series (Jönsson and Eklundh, 2002;
Zhang et al., 2003; Fisher et al., 2006; Beck et al., 2006).

Over deciduous broadleaf stands, Schwartz et al. (2002)
derived the dates of onset of greenness from NOAA AVHRR
using two methods, one based on a site-specific NDVI time-
constant threshold (White et al., 1997; White et al., 1999) fixed
using a historical analysis and the other based on rapid increase
of NDVI within an average delayed moving window (Reed
et al., 1994). Results showed that the both methods allow
detecting annual variations of dates of onset of greenness with
moderate accuracy. Similar methods were also used in Studer
et al. (2007) to assess the impacts of climate variability on
vegetation phenology who found significant links between
temperature anomalies and phenological metrics derived from
NOAA AVHRR time-series and from ground observations.
Despite the good agreement between predictions and observa-
tions, these methods are known to be sensitive to noise and gaps
in SVI time-series (Jenkins et al., 2002). Also as underlined in
Zhang et al. (2003), they are not applicable over ecosystems
characterised by multiple growth and senescence cycles. More
recently, Zhang et al. (2003) represented vegetation phenology
by a series of piecewise logistic functions of time. Fisher et al.
(2006), Ahl et al. (2006) and Fisher and Mustard (2007) used
Zhang's method to predict the timings of onset of greenness
over deciduous broadleaf forests. In Ahl et al. (2006), several
standard MODIS products with different spatial and temporal
resolutions were used. The best agreement between predictions
and field observations was found using daily MODIS NDVI
(within 1 day). Using 16 days composite MODIS SVI products,
discrepancy between field observations and predictions was
more than 12 days. The authors suggested that the effects of
understory and the temporal compositing MODIS data are the
main factors explaining this discrepancy. Fisher et al. (2006)
and Fisher and Mustard (2007) modified Zhang's method and
represented phenology by a unique double-sigmoid function
over deciduous forests characterized by two single growth and
senescence periods. The authors also analyzed uncertainties of
the fitted parameters and concluded that this representation
responds well to seasonal vegetation changes and is highly
robust to noise and sparse data during the transition seasons.

As underlined above, the most of studies were carried out
using NOAAAVHRR data onboard meteorological satellites. In
comparison with AVHRR, MODIS constitutes a significant
improvement in terms of spatial resolution (250 m to 1 km vs
1 km), spectral resolution (36 spectral bands vs 6), geolocation
accuracy [b50 m at nadir (Wolfe et al., 2002) vs 1 to 2 km (Box
et al., 2006)], atmospheric corrections scheme and cloud
screening (Heidinger et al., 2002) and sensor calibration
(Justice et al., 1998). Images acquired by MODIS are routinely
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used to derive global products for monitoring and studying
land surface changes at different time steps. The last product
generated from MODIS reflectance measurements is the land
cover dynamics (MOD12Q2) which gives estimates of the
timings of vegetation phenology at global scale with 1 km2

spatial resolution. MOD12Q2 phenology, like other MODIS
products, is produced according to a well documented scheme
and the validation process of this product is currently underway
(Zhang et al., 2006).

In this study, MODIS based phenological markers were
compared to field measurements carried out over homogeneous
forest stands across France and over five years. More precisely,
the main objectives are: (1) to develop a method using 250 m
daily MODIS NDVI time-series to estimate the date of the onset
of green-up of main deciduous forest species in France; (2) to
compare these estimates with the phenological observations
carried out within the French RENECOFOR network (National
network for Long-Term Monitoring of Forest Ecosystems) and
(3) to evaluate the vegetation phenological markers provided by
MODIS Global Land Cover Dynamics product (MOD12Q2).

2. Materials and methods

2.1. Study sites

The study sites are located between latitudes 42°55′53″ N
and 50°10′16″N and between longitudes 3°32′34″Wand 7°43′
46″E and belong to the French RENECOFOR network (see
http://www.onf.fr/pro/Renecofor/Placettes.htm). The French
RENECOFOR network was created in 1992 by the French
National Forest Service (Office National des Forêts) and con-
sists of 102 deciduous and evergreen permanent plots of a
homogenous area of 2 ha each. The main objectives are doc-
umenting and monitoring long-term changes in state of health,
growth and biochemical cycles of carbon and minerals nutrients
of the more representative forest ecosystems in France. The
Fig. 1. Geographic locations of RENECOF
phenological database of RENECOFOR network provides the
more complete set of phenological observations in natural
conditions of main forest ecosystems in Metropolitan France in
terms of species, geographic and climate distribution (Fig. 1).
All climatic conditions are represented by RENECOFOR
stands. Briefly, climate is mainly temperate but four climate
types may be distinguished: oceanic along the west coast and in
the north, continental in the interior of the country at mid-
latitudes, Mediterranean in the south along the Mediterranean
coast and mountain at high elevations where snow precipita-
tions are frequent in winter.

This study focuses on the main deciduous forest ecosystems
belonging to RENECOFOR network. Field observations were
carried out over 50 permanent plots representative of pure and
homogeneous deciduous forest stands managed by the National
French Forest Service. These stands are divided as follows:
9 plots of pedunculate oak (Quercus robur (Matus) Liebl),
19 plots of sessile oak (Quercus petraea (Matus) Liebl), 2 plots
of a mixture of the two oak species, and 20 plots of European
beech (Fagus sylvatica, L.). Stands are mostly managed as pure
and even-aged high forests in which trees of the main overstory
are in the same age class. The average age of plots ranges
between 60 and 120 years. Average elevation (asl) is 200 m in
oak plots (20–370 m) and 560 m in beech plots (50–1400 m).
Average topography is gentle to flat of about 11% in beech plots
and 3% in oak plots (Table 1).

2.2. Data

2.2.1. In situ phenological observations
In situ phenological observations used in this study were

carried out over a period of five years, from 2000 to 2004. In
each plot, 36 trees were chosen and numbered. All these trees are
located in a fenced part of 0.5 ha located in the centre of the plot.
These trees are representative of the plot in terms of species, age
and structure. At each year, phenological observations were
OR deciduous broadleaf forest stands.

http://www.onf.fr/pro/Renecofor/Placettes.htm


Table 1
Geographic locations and main characteristics of RENECOFOR deciduous broadleaf forest stands

Plot name Longitude (°) Latitude (°) Stand structure Main overstory specie Elevation (m) Slope (%) Orientation

O1 4.30408 48.34608 coppice-with-standards Pedunculate oak 115 0 Flat
O2 2.57264 46.82518 high forest Pedunculate oak 175 2 NW
O3 −0.84340 43.73577 high forest Pedunculate oak 20 5 NE
O4 −0.03240 47.45490 high forest Pedunculate oak 57 0 SW
O5 5.76569 49.02131 coppice-with-standards Pedunculate oak 220 0 Flat
O6 3.75356 50.17056 high forest Pedunculate oak 149 3 Flat
O7 −0.03912 43.20230 high forest Pedunculate oak 370 12 SE
O8 6.21130 47.87029 high forest Pedunculate oak 240 0 Flat
O9 5.24288 46.96929 high forest Pedunculate oak 190 0 Flat
S1 5.23795 46.17013 high forest Sessile oak 260 3 Flat
S2 2.72579 46.66690 high forest Sessile oak 260 0 Flat
S3 4.46106 48.29758 high forest Sessile oak 160 0 Flat
S4 2.12500 47.25352 high forest Sessile oak 176 1 Flat
S5 5.07479 47.08163 high forest Sessile oak 220 0 flat
S6 1.50183 49.36483 high forest Sessile oak 175 0 Flat
S7 −1.53558 48.17706 high forest Sessile oak 80 0 Flat
S8 1.25866 47.56857 high forest Sessile oak 127 0 Flat
S9 4.95912 49.03213 coppice-with-standards Sessile oak 180 2 S
S10 6.48244 48.87090 high forest Sessile oak 315 4 NE
S11 7.46088 49.01554 high forest Sessile oak 320 15 NW
S12 3.66001 46.96956 high forest Sessile oak 270 7 SW
S13 2.29699 49.39411 high forest Sessile oak 55 1 Flat
S14 0.67861 48.52232 high forest Sessile oak 220 5 SE
S15 7.46621 47.69304 coppice-with-standards Sessile oak 256 0 Flat
S16 0.37903 47.79560 high forest Sessile oak 170 0 Flat
S17 1.74823 44.04490 high forest Sessile oak 300 18 SE
S18 0.49409 46.62643 high forest Sessile oak 116 4 NW
S19 6.03913 48.02593 high forest Sessile oak 330 0 Flat
OS1 7.72847 48.98973 high forest Mixture of oaks 350 10 S
OS2 2.71650 48.45377 high forest Mixture of oaks 80 0 Flat
H1 3.12565 49.20486 high forest European beech 145 0 Flat
H2 2.99841 46.19265 high forest European beech 590 15 N
H3 5.79746 44.13147 high forest European beech 1300 50 N
H4 1.28039 42.93060 high forest European beech 1250 32 SW
H5 −0.85788 49.18160 high forest European beech 90 4 Flat
H6 4.85361 47.81347 high forest European beech 400 3 NE
H7 6.27737 47.19144 high forest European beech 570 2 W
H8 5.29446 44.91705 high forest European beech 1320 12 W
H9 −3.54492 47.83646 high forest European beech 50 0 Flat
H10 3.54170 44.11388 high forest European beech 1400 25 SW
H11 5.07199 47.79476 high forest European beech 440 0 Flat
H12 6.70539 48.50903 high forest European beech 325 5 E
H13 6.06605 48.64812 high forest European beech 390 2 Flat
H14 5.00361 49.17026 high forest European beech 250 0 Flat
H15 2.87526 49.32359 high forest European beech 138 0 Flat
H16 −0.66007 43.14926 high forest European beech 400 44 NW
H17 0.43515 43.02562 high forest European beech 850 25 NW
H18 1.32555 49.71038 high forest European beech 210 0 Flat
H19 2.17690 43.41000 high forest European beech 700 0 Flat
H20 6.24448 48.10551 high forest European beech 400 3 W

Geographic coordinates are in WGS84.
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performed a once a week on the same trees. Two dates
characterising the onset of green-up were determined. These
dates, termed OG10% and OG90% hereafter, were defined as
the dates when 10% and 90% of the 36 trees (four and thirty two
trees, respectively) have the buds open over at least 20% of the
crown of each tree. Because in situ phenologiclal observations
were carried out with one week time lag, we estimate a
theoretical precision of 7 days and 3–4 days on average.
2.2.2. MODIS data and pre-processing

2.2.2.1. MODIS data. The MODIS/TERRA surface reflec-
tance daily L2G global 250 m SIN grid V004 product
(MOD09GQK) for years 2000–2004 and MODIS Global
Land Cover Dynamics (MOD12Q2) for years 2001–2004
(2000 not available) were obtained through the Earth Observing
System Data Gateway.
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MOD09GQK product contains data acquired in the bands 1
(red: 620–670 nm) and 2 (near infrared: 841–876 nm) of
MODIS/Terra with 250 m spatial resolution. Data were already
atmospherically corrected of effects of gases, aerosols and thin
cirrus clouds according the MOD09 atmospheric correction
scheme in Vermote and Vermeulen (1999). In addition to red
and near infrared layers, MOD09GQK contains other three
Science Datasets stored with MODIS products: 250 m reflec-
tance band quality (QA), orbit and coverage and number of
observations. QA corresponds to per-pixel quality assessment
flags at three different levels of detail: at the level of the
individual pixel, at the level of each band and each resolution,
and at the level of the whole file (for more details, see http://
edcdaac.usgs.gov/modis/mod09gqkv4.asp).

MOD12Q2 product provides estimates of timing of vegeta-
tion phenological transitions for 12-months period at global
scale with 1 km2 spatial resolution. In MOD12Q2 product, the
phenological dates were determined using temporal profile of
Enhanced Vegetation Index (EVI) computed from the 16-day
bi-directional reflectance distribution function adjusted reflec-
tance in red, near infrared and blue bands provided by
MOD43B4 product following the processing scheme given in
Huete et al. (2002). Briefly, for each pixel, temporal EVI profile
is built using 24 months of data, 12 months of interest
bracketed by six months on either side. After elimination of
doubtful EVI values, EVI profile is modelled using two sig-
moidal functions from which the phenological transition dates
were determined following the procedure described in Zhang
et al. (2003). These dates are: onset of greenness increase OGI
(beginning of EVI increase), onset of greenness maximum
OGM (reaching of maximum EVI plateau), onset of greenness
decrease (beginning of EVI decrease), and onset of greenness
minimum (reaching of EVI minimum plateau). The two first
dates are considered as the date of green-up and the date of
maturity when green leaf area index reaches the maximum,
respectively (Friedl et al., 2003).

2.2.2.2. Processing. From daily MOD09GQK product, only
three layers were extracted: band 1, band 2 and quality assur-
ance (QA). Then, for each year, images of the same layer were
merged. For the five years concerned by this study, a total of
about 4575 images were used.

From MOD12Q2 product, four layers were extracted: onset
of greenness increase, onset of greenness maximum, per-date
and per-pixel quality assurance flags.

In the initial stages, a layer composed of polygons of
RENECOFOR plots was created. Each polygon delimits a
square having an area of nine MODIS-250 m pixels centred on
the centre of the plot. In order to check the homogeneity of
MODIS-250 m pixels surrounding each plot which may affect
the radiometric signal and alter the quality of predicted dates of
phenological transitions, the polygon-based layer of plots was
exported to GoogleEarth™. The composition of each pixel was
described and a qualitative index of homogeneity as a form of
alphabetical notation was assigned. As expected, all pixels
surrounding the RENECOFOR plots belong to large forest
regions and are classified by-eye as homogeneous.
2.3. Methods of detection of phenological dates from modelled
Normalised Difference Vegetation Index temporal profile

MODIS red and near infrared surface reflectance and quality
assurance were extracted for the central pixel of each plot. Three
text files, one file for each layer, were generated and used for
further processing. Fourth steps were carried out to determine
the date of onset of green-up.

Firstly, reflectance in the red and near infrared bands were
used to calculate the normalised difference vegetation index
(NDVI) as:

NDVI ¼ NIR� RED
NIRþ RED

ð1Þ

We used the NDVI because it is at the native 250 m spatial
resolution, given that both Red and NIR are available at 250 m.
NDVI is also the most used vegetation index for a variety of
vegetation remote sensing studies because it is sufficiently
sensitive to capture small changes in amount of photosynthetic
vegetation (Soudani et al., 2006).

Secondly, before reconstruction of NDVI temporal profiles,
all spurious values were removed. In the first step, based on per-
pixel QA flags, we kept only NDVI values computed using
atmospherically corrected reflectance data produced at “ideal
global quality”. In the second step and in order to remove
spurious data not flagged by QA or values showing significant
deviation from their neighbours (sun and view effects, snow), a
five point temporal moving window was applied. The central
NDVI value of the window is compared to the average of its
four neighbours. This NDVI value is removed if the absolute
deviation from the average is more than 20% of the mean. The
threshold of 20% was chosen after visual checking of the
temporal variability of NDVI values along the temporal profile.

Thirdly, NDVI time-series for each plot and for each year
was modelled by an asymmetric double-sigmoid function
(ADS) using the following equation:

NDVI tð Þ ¼ w1 þ w2ð Þ
þ 1
2

w1 � w2ð Þ tanh w3 t � uð Þð Þ � tanh w4 t � vð Þð Þ½ �
ð2Þ

tanh is the hyperbolic tangent, t is the time (Day of Year) and w1,
w2, w3, w4, u, v are the fitting parameters. (w1+w2) is the NDVI
minimum in unleafy season. (w1–w2) is the total amplitude of
NDVI temporal variations. u and v are the dates corresponding to
the highest rates of change of NDVI(t) (maximum and minimum
peaks of the first derivative of NDVI(t)). They are the dates of
the two inflection points when the NDVI(t) increases during the
leaf expansion (u) and decreases during the leaf senescence (v).
For these two dates, NDVI(t) is at the middle of its amplitude.
Fitting were done by minimizing the sum of squares of dif-
ferences between Eq. (2) and the measured NDVI values.

Eq. (2) is based on the equation of Zhang et al. (2003) and
is similar to the full equation given in Fisher et al. (2006)
describing the leafy and unleafy seasons in deciduous forests. In
our study, the equation of Fisher et al. has been rewritten so that

http://edcdaac.usgs.gov/modis/mod09gqkv4.asp
http://edcdaac.usgs.gov/modis/mod09gqkv4.asp


Fig. 2. Measured and fitted NDVI temporal profile over an oak stand during year
2001. (solid line): fitted asymmetric double-sigmoid function; (circle with point
inside): NDVI measurements used in the fit; (stars): NDVI measurements
removed using the five point moving window; (full circle): NDVI measurements
removed from flags MODIS per-pixel quality assurance.

2648 K. Soudani et al. / Remote Sensing of Environment 112 (2008) 2643–2655
the two inflection points are directly determined by the fitting
procedure. In addition, the main advantage of this rewriting is
the ability to compute easily the statistical errors on the best fit
parameters at the two inflections positions u and v using the
Jacknife procedure (see below).

In the present study, we are interested in the date at the first
inflexion point (u), used here as the main marker of the date of
onset of green-up. Hereafter, we term this date dinfNDVI. We
used the position of the inflexion point of NDVI curve because
it is stable and corresponds to an advanced stage of canopy
development. The positions of NDVI minimum increase and
maximum were also determined following the procedure de-
scribed below.

The global goodness-of-fit of the model was evaluated using
Nash–Sutcliffe Efficiency E criteria (Nash and Sutcliffe, 1970).

E ¼ 1�
PN
i¼1

NDVIs � NDVIoð Þ2

PN
i¼1

NDVIo �PNDVIo
� �2

Where NDVIs and NDVIo are the simulated and the ob-
served NDVI values, respectively. N is the sample size. E may
be considered as an improvement over the coefficient of deter-
mination usually used as a measure of the goodness-of-fit which
is sensitive to both mean and variance of simulated data.
E ranges from −∞ for poor model to 1 for perfect model
(Legates and McCabe, 1999).

Errors on the six fitting parameters were calculated using the
jackknife procedure. The basic idea of this technique is to
generate (N+1) samples from one sample having N observa-
tions: N samples having (N−1) observations each generated by
removing in turn one observation from the initial dataset and
one sample corresponding to the initial dataset. The model
(Eq. (2)) was sequentially fitted using one among the N+1
samples. Thus, we obtain N+1 estimates of each parameter. The
standard deviation of these estimates is used as a measure of the
statistical precision of the parameter estimate. The standard
deviation of the fitted first inflexion point of the fitted model
curve was used as global quality criterion. The estimates of this
parameter with a standard deviation greater than 7 days were
removed from the analysis since the precision of in situ ob-
servations is of the same order of magnitude.

At last, in order to make the comparison possible with
phenological metrics given in MOD12Q2 product, we deter-
mined the dates of the onset of NDVI increase (dminNDVI)
and NDVI maximum (dmaxNDVI) (see Fig. 2 in Section 3.1).
These dates are equivalent to OGI and OGM provided by
MODIS MOD12Q2 product. These dates were determined
analytically in MOD12Q2 product using the procedure de-
scribed in Zhang et al. (2003), whereas in this study, these dates
were determined numerically by finding the dates of the extrema
of the B-splines fitted to the third derivative of modelled NDVI
temporal profile. The different phenological markers derived
from fitted NDVI time-series are illustrated in Fig. 2.

The validation of predictions obtained using NDVI fits and
provided by MOD12Q2 product were done against ground-
based phenological observations carried out in the RENECO-
FOR Network. The statistics used are the Pearson's correlation
coefficient, the root mean square error (RMSE) and the bias
between predictions (Pi) and observations (Oi). The RMSE was
used to evaluate the average prediction uncertainty relative to
in situ observations:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PN
i¼1

Pi � Oið Þ2

n

vuuut

The RMSE was also compared to RMSE of the null model
where the date of onset of green-up for each plot is estimated by
the average of all dates over the year. RMSENRMSENULLMODEL

means that the remote sensing can not provide better predictions
of phenology than taking the average of all field observations.

RMSENULL MODEL ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PN
i¼1

Oi � P
Oð Þ2

n

vuuut

The bias was used to evaluate if predictions are over-
estimated (positive bias) or underestimated (negative bias).

Bias ¼
PN
i¼1

Pi � Oið Þ
n

3. Results

3.1. Final dataset

From a methodological point of view, frequent gaps in NDVI
data were observed (Fig. 2). These gaps were due above all to



Fig. 3. Comparative analysis between predictions from fitted NDVI time-series and field observations of the date of onset of green-up at 10% (OG10%).
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overcast conditions which are generally flagged in MODIS per-
pixel quality assurance. This layer stored with MOD09 products
which gives informations about the state of atmospheric cor-
rections, clouds and other ancillary data was useful. Never-
theless, some spurious values not flagged by QA can persist and
should be removed using a moving window with an appropriate
length. On average over all plots, the number of days used to
build NDVI temporal profiles ranges between 80 and 138 and
about 109 days on average over all years. The lowest number of
days is used in year 2000 and the highest in year 2003 for which
heat and drought in summer were extreme in Europe. This
shows that cloudy conditions may lead to serious limitations of
remote sensing of phenology over many regions throughout the
globe. Large time gaps in NDVI data are particularly prob-
lematic during the leaf expansion period. A small number of
NDVI values over this period of time reduces the quality of the
fit and increases the jackknifed standard deviation of the
estimates of phenological dates. Nevertheless, the asymmetric
double sigmoid function (Eq. (2)) is quite resistant to noise.
Efficiency criterion ranges between 0.22 and 0.9 and the overall
average is about 0.84 (not shown). Low E values do not
necessarily mean that the phenological markers are misesti-
mated because E is a global quality criterion which depends on
Fig. 4. Comparative analysis between predictions from fitted NDVI time-series
the scattering of data over the year. On the contrary, the
jackknifed standard deviation allowed detecting phenological
markers instabilities due to noise and gaps in NDVI data during
the leaf expansion period. For this reason and because of gaps in
MOD12Q2 product and incidental gaps in field observations,
the number of plots effectively used is variable from year to
year.

3.2. Comparison between in situ observations and phenological
dates using fitted NDVI temporal profiles

Results of the comparative analysis between metrics based
on fitted NDVI temporal profiles (dinfNDVI, dminNDVI and
dmaxNDVI) and in situ observations (OG10% and OG90%)
are illustrated in Figs. 3 and 4, respectively. These results are for
all sites, all species and all available years. The summary
statistics are given in Table 2.

In terms of prediction uncertainties, RMSE values range
between 11.5 and 27.5 days by comparison with OG10% and
between 8.5 and 18 days by comparison with OG90%. The
lowest RMSE values are 11.5 days using dminNDVI and
8.5 days using dinfNDVI by comparison with OG10% and
OG90% respectively. The lowest bias values are 2 days using
and field observations of the date of onset of green-up at 90% (OG90%).



Table 2
Comparative analysis between in situ phenological observations OG10% and OG90% and phenological metrics derived from fitted curves on daily 250 m MODIS
NDVI time-series

Comparison with in situ onset of green-up OG10% Comparison with in situ onset of green-up OG90%

dminNDVI dinfNDVI dmaxNDVI dminNDVI dinfNDVI dmaxNDVI

Number of plots 120 122 120 122 124 122
RMSE 11.5 16.5 27.5 13.5 8.5 18.0
Bias 2.0 13.5 25.5 −8.5 3.5 15.0
RMSE NULL model 11.5 11.5 11.5 11 11 11
r⁎ 0.53 0.66 0.56 0.55 0.68 0.57

dminNDVI— date of the beginning of NDVI increase; dinfNDVI— date of the inflexion point in the ascendant part of the fitted curve and dmaxNDVI— date when
NDVI reaches the plateau at the end of the ascendant part of the curve. ⁎ All Pearson's coefficients of correlation are statistically significant at 5% probability level.
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dminNDVI and 3.5 days using dinfNDVI by comparison with
OG10% and OG90% respectively.

The best agreement between predictions and in situ ob-
servations is obtained between OG90% and the inflexion point
of the curve (dinfNDVI). We also notice that on average mea-
sured onset of green-up date OG90% is underestimated using
dminNDVI (negative bias of 8.5 days) and overestimated using
dmaxNDVI (positive bias of 15 days). dinfNDVI constitutes in a
way an intermediate marker describing better canopy greenness
state during the leaf expansion period.
Fig. 5. Comparative analysis between predictions provided by MODIS MOD12Q

Fig. 6. Comparative analysis between predictions provided by MODIS MOD12Q
3.3. Comparison between in situ observations and MODIS
MOD12Q2 phenology

As underlined above, MODIS MOD12Q2 products are
available only from January 2001. Figs. 5 and 6 show the
relationships between in situ observations and predictions
provided by MODIS MOD12Q2 product during the leaf
expansion period. Summary statistics are given in Table 3.

All coefficients of correlation given in Table 3 are sta-
tistically significant (Pb0.003 for the lowest r value) but
2 and field observations of the date of onset of green-up at 10% (OG10%).

2 and field observations of the date of onset of green-up at 90% (OG90%).



Table 3
Comparative analysis between in situ phenological observations OG10% and
OG90% and MODIS MOD12Q2 phenological dates

With in situ onset of
green-up OG10%

With in situ onset of
green-up OG90%

OGI (OGI+
OGM)/2

OGM OGI (OGI+
OGM)/2

OGM

Number of plots 113 113 113 113 113 113
RMSE 13.5 22.0 47.0 20.5 16.5 36.5
Bias −6.0 20.0 45.5 −17.0 7.5 34.5
RMSE NULL model 11.5 11.5 11.5 11 11 11
r⁎ 0.40 0.58 0.48 0.39 0.55 0.46

OGI— date of onset of greenness increase; OGM— date of onset of greenness
maximum and (OGI+OGM) /2 — the arithmetic average of the two previous
dates. ⁎ All Pearson's coefficient of correlation are statistically significant at 5%
probability level.

Table 4
Average statistics of dates of onset of green-up (day of year) derived from NDVI
fits and MODIS MOD12Q2 product against in situ observations

Years Beech plots Oak plots

OG90% dinfNDVI (OGI+
OGM)/2

OG90% dinfNDVI (OGI+
OGM)/2

2001 128 (3) 130 (1) 132 (3) 106 (3) 116 (4) 122 (3)
2002 113 (3) 120 (3) 122 (2) 105 (2) 109 (2) 118 (1)
2003 115 (1) 117 (3) 118 (1) 104 (2) 107 (1) 115 (1)
2004 121 (3) 123 (2) 130 (2) 115 (2) 116 (1) 122 (2)

Between brackets () is the standard error of the mean (days).
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prediction uncertainties are high. In comparison with OG10%,
RMSE values are 13.5 days using OGI and 47 days using
OGM. In comparison withOG90%, RMSE values are 20.5 days
using OGI and 36.5 days using OGM. For OG10% and
OG90% respectively, bias are negative ([−6, −17 days]) using
OGI and positive ([45.5, 34.5 days]) using OGM.

The quality of predictions in terms of correlation coefficients
and uncertainties may be strongly improved if we take the
average value of OGI and OGM as a new marker of onset of
green-up date from MOD12Q2 product. By comparison with
OG90%, RMSE decreases from 20.5 days to 16.5 days and
Fig. 7. Comparative analysis between field observations OG90% and predictio
correlation coefficient increases from 0.39 to 0.55. By com-
parison with OG10%, correlation coefficient increases from 0.4
to 0.58 but RMSE also increases from 13 days to 22 days
(Table 3).

3.4. General comparison between in situ observations and
MODIS-derived phenological markers

In comparison with the timing of onset of green-up
OG10%, the best predictions are obtained with the minimum
NDVI at the start of growing season in the spring derived
from fits of NDVI time-series (dminNDVI) and provided by
MOD12Q2 product (OGI). Uncertainties in predictions as-
sessed by RMSE are close for both markers (ca 12.5 days). For
both markers, RMSE are higher than RMSE of the null model
which means that neither NDVI fits nor MOD12Q2 perform
better than the average ground-based dates of onset of green-
up.

In comparison with the timing of onset of green-up OG90%,
phenological dates given by inflexion points (dinfNDVI) during
the ascending part of the fitted sigmoid curve lead to the best
agreement with the in situ observations. The best agreement
between in situ observations and MOD12Q2 phenological
dates is also obtained using the average of MOD12Q2 OGI
and OGM. The average makes an improvement of the quality
of prediction. Nevertheless, derived MOD12Q2 phenological
metrics provided by MOD12Q2 product differ greatly from
in situ observations and do not perform better than the null
model.

Over the four years, temporal variations of observed and
predicted phenological dates for the two main species are given
in Table 4 and showed in Figs. 7 and 8. Both MOD12Q2 and
fitted NDVI time-series give predictions showing the same
temporal patterns as the observations. Predictions are over-
estimated over the four years and for both species. For oak
plots, average deviations between predictions and observations
ranges between [1.5–10.5 days] using fits and between [6.5–
15.5 days] using dates provided by MOD12Q2. For beech
plots, average deviations are slightly lower than for oaks,
ns provided by MOD12Q2 and NDVI time-series for beech and oak plots.



Fig. 8. Average dates of onset of green-up (day of year) derived from NDVI fits and MODIS MOD12Q2 product for beech and oak plots. Vertical bars are ± the
standard errors of the mean (days).
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between [2–7 days] using fits and between [3.5–9.5 days] using
MOD12Q2 products.

4. Discussion

RMSE on predicted leaf onset derived from NDVI time-
series using the inflexion point methodology (8.5 days) is of the
same order of magnitude than the precision of phenological
observations. It is slightly higher compared to locally-fitted
bioclimatic models based on temperature sums (in some cases
modified by daylength functions) which usually lead to RMSE
of 5 days for both beech and oaks species (Kramer et al., 2000;
Schaber & Badeck, 2003). But, it is lower than RMSE obtained
over temperate biomes through global phenology schemes
based on extrapolation of local bioclimatic model to the global
scale of about 20 days in Botta et al., 2000. Yet, the availability
of climatic data required to force these models may limit their
application over large areas.

RMSE values between in situ observations and MOD12Q2
phenological dates are of the same order of magnitude than
those found in Zhang et al. (2006) between MODIS onset of
greenness increase and first and full bloom over many species
across Canada. Nevertheless, the timing of flowering is different
from the development of green canopy material or “greenness”
measured by spectral vegetation indices.

Results also show that the best correlations between predic-
tions and observations are obtained using the OG90%. At tree
level, OG10% and OG90% describe the same phenological
stage but it is expected that OG90% is more representative of
phenological stage of the whole plot because OG10% is more
sensitive to intra-plot genetic variations between trees and to
local abiotic conditions. These two dates are also slightly more
correlated to the inflection point derived from modelled NDVI
time-series and to the average of the two MOD12Q2 metrics
suggesting that these metrics are temporally more stable than
NDVI minimum increase and NDVI maximum and capture
well inter-site differences in canopy cover at the beginning of
leaf expansion phase. NDVI minimum is expected to be more
sensitive to early spring development of vegetation under-
story which may lead to an earlier onset of green-up than field
observations of overstory phenology as underlined in other
studies (Ahl et al., 2006; Fisher et al., 2006). On the contrary,
because of saturation problem, NDVI maximum is expected
to be less sensitive to differences in phenological responses
between sites with dense canopies.

Distinguishing between oaks and beech stands, the predic-
tions are in agreement with in situ observations (Figs. 7 and 8).
The dates of onset of green-up of these two species are different.
For the four years considered, onset of green-up of beech
appears later than for oaks (Lebourgeois et al., 2002). On
average and over the whole French territory, the onset of green-
up of beech is 6 to 14 days later using NDVI fits and 7 to
12 days from in situ observations (Fig. 8, Table 4). On the other
hand, the length of leaf expansion period estimated using the
difference between dmaxNDVI and dminNDVI is on average
23 days [DOY 100 – 123] for oak stands and 21 days for beech
stands [DOY 112 – 133]. These values are in agreement of in
situ observations as reported in other studies. In European beech
stands, the length of leaf expansion period is between 20 to
30 days (Granier et al., 2000; Wang et al., 2005). The same
bounds are observed in oak stands (Nizinski and Saugier, 1988).
On the contrary, the length of leaf expansion period using
MOD12Q2 using the difference between OGM and OGI is
about 50 days for oak [DOY 93 – 143] and 53 [DOY 99 – 152]
days for beech. In comparison with NDVI time-series based
phenological dates, this overestimation is due to an onset of
green-up 7 to 13 days earlier and a leaf maturity about 20 days
later. Similar results were reported in other studies. Ahl et al.
(2006) observed a length of leaf expansion of 35 days using 16-
day MOD43B4 EVI and 17 days from field measurements. In
two Carbeuroflux beech stands, Wang et al. (2005) determined
the phenological events from MODIS LAI 8-day composite
time-series and observed that the onset dates are much earlier
than field measurements. On average, the onset dates are 17 and
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35 days earlier in both stands. Earlier than observed beginning
of spring was also detected through MODIS 8-day FAPAR
(Turner et al., 2005; Turner et al., 2006a; Turner et al., 2006b),
MODIS 16-day composite EVI, NDVI and MODIS 8-day
Gross primary production product (Jenkins et al., 2007). These
discrepancies between MODIS composite products and field
measurements were partially explained by the inadequacy of the
temporal resolution of MODIS composite products to capture
rapid changes in canopy structure during the leaf expansion
period (Ahl et al., 2006; Schwartz et al., 2002) and/or the effects
of understory development (Wang et al., 2005; Turner et al.,
2006a). In addition to these effects, remote sensing of spring
phenology may be severely affected by snow melting which
may artificially increases the NDVI signal and causes
erroneously earlier predictions of onset of vegetation (Suzuki
et al., 2003; Delbart et al., 2005; Delbart et al., 2006, Kobayashi
et al., 2007).

In our study, the effects of vegetation understory on the
accuracy of MOD12Q2 estimates of phenological dates can not
be excluded particularly in oak stands which may have an
understory of hornbeam which shows earlier timing of onset of
budburst than oak of about two weeks (unpublished data, see also
Wesołowski and Rowiński, 2006). In open canopies, herbaceous
species such bramble, brackenfern and purple moor show distinct
phenological patterns and usually have earlier onset of green-up
than canopy overstory. The effects of snow melting in spring can
be excluded. Indeed, during the period 2000–2004, the lowest
mean monthly air temperatures were recorded over four beech
stands located at high elevations (N1000 m) and ranged between
+0.5° and +4.5 °C in March and between +3° and +5.5 °C in
April. Thus, in this study, it seems highly probable that snow
melting started several weeks before budburst and had no
influence on NDVI based phenological predictions.

The delay of the date of leaf maturity is still more difficult to
explain because, as far as we know, there are no species in our
study sites which continue their leaf expansion so late in the
year. The other factor which influences the agreement between
these two methods is the spatial resolution which is of 1 km in
MOD12Q2 and 250 m using NDVI time-series. In our study, all
plots were chosen in large forest regions. The homogeneity of
all plots has been checked visually.

However, these effects can not explain the deviations
between MOD12Q2 phenological dates and those derived
using NDVI time-series which relate to the same forest stands.
This suggests that this discrepancy may be due to a combination
of inadequacies of the MODIS products compositing algorithm
and the length of compositing (window temporal duration) of
monitoring phenological events. Turner et al. (2006a) pointed
out that MODIS 8-day LAI and FPAR are maximum values
which would tend to anticipate the onset of springtime
vegetation but the magnitude of this effect would not be
large. Here, we show that using MODIS 16-day EVI, the onset
of green-up is 7 to 13 earlier and the date of onset of maturity is
also delayed by about 20 days.

The effects of the degradation of the temporal resolution in
composite images on the accuracy of prediction of biophysical
parameters are obvious (White and Running, 2001). A long
compositing period smooths the temporal variability and might
not capture the canopy changes over a short-time interval. On
the other hand, it increases the probability of having pixel-
values not contaminated by clouds. A short compositing period
describes more accurately canopy temporal dynamics but the
number of spurious pixels resulting from clouds may increases.
Using GLOBE budburst measurements (www.globe.gov),
White and Running (2001) compared weekly, biweekly and
monthly compositing lengths and showed that biweekly
compositing length were more appropriate to predict the
phenological events. Nevertheless, the authors suggested that
these conclusions should be relativized because the quality of
field data was not completely guaranteed. Further investigation
should be made to clarify the influence of the temporal reso-
lution in composite images on the accuracy of phenological
transitions dates derived from remote sensing image time-series.

5. Conclusion

Despite the exogenous factors affecting the quality of remote
sensing signal particularly sky atmospheric state and cloud
cover, MODIS NDVI time-series provide ways for tracking
different stages of forest stand growth and development. This
study shows that the inflexion point of the curve fitted to
MODIS-250 m NDVI temporal profile is a good marker of
onset of green-up in deciduous stands. At plot level, the
prediction uncertainty is of 8.5 days and the bias is of 3.5 days.

MODIS Global Land Cover Dynamics MOD12Q2 provides
estimates of onset of green-up dates which deviate substantially
from in situ observations and do not perform better than the null
model. By comparison with in situ observations OG10%,
RMSE values are 13 days using onset of greenness increase and
47 days using onset greenness maximum. They are 20.5 days
and 36.5 days respectively by comparison with OG90%. An
improvement of prediction quality is obtained if we consider the
average of MOD12Q2 onset of greenness increase and max-
imum as marker of onset of green-up date. With comparison
with OG90%, RMSE decreases to 16.5 days.
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