
Chapter 10
PhenoSat – A Tool for Remote Sensing Based
Analysis of Vegetation Dynamics

Arlete Rodrigues, André R. S. Marcal, and Mário Cunha

Abstract PhenoSat is a software tool that extracts phenological information from
satellite based vegetation index time-series. This chapter presents PhenoSat and
tests its main characteristics and functionalities using a multi-year experiment and
different vegetation types – vineyard and semi-natural meadows. Three important
features were analyzed: (1) the extraction of phenological information for the main
growing season, (2) detection and estimation of double growth season parameters,
and (3) the advantages of selecting a sub-temporal region of interest. Temporal
NDVI satellite data from SPOT VEGETATION and NOAA AVHRR were used.
Six fitting methods were applied to filter the satellite noise data: cubic splines,
piecewise-logistic, Gaussian models, Fourier series, polynomial curve-fitting and
Savitzky-Golay. PhenoSat showed to be capable to extract phenological information
consistent with reference measurements, presenting in some cases correlations
above 70 % (n D 10; p � 0.012). The start of in-season regrowth in semi-natural
meadows was detected with a precision lower than 10-days. The selection of
a temporal region of interest, improve the fitting process (R-square increased
from 0.596 to 0.997). This improvement detected more accurately the maximum
vegetation development and provided more reliable results. PhenoSat showed
to be capable to adapt to different vegetation types, and different satellite data
sources, proving to be a useful tool to extract metrics related with vegetation
dynamics.
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10.1 Introduction

Temporal vegetation profiles based on remotely sensed data provide valuable
information for understanding land cover dynamics, generally interpreted by veg-
etation phenological events. Sensors such as the Advanced Very High Resolution
Radiometer (AVHRR), SPOT VEGETATION (Satellite Pour l’ Observation de la
Terre – Vegetation), MODIS (Moderate-Resolution Imaging Spectroradiometer),
MERIS (Medium Resolution Imaging Spectrometer) and PROBA-V (Project for
On-Board Autonomy – Vegetation) are able to provide a spatial overview of the
land surface and spectral reflection information, which can be measured and used
to monitor phenology, stage type and crops health (pionnering studies were made
by Allen et al. 1969, 1973; Gausman et al. 1969, 1974; Wooley 1971; Gausman and
Allen 1973; Gausman and Hart 1974). Furthermore, their ability to collect imagery
at frequent time intervals (multitemporal images) permits to observe how the
vegetation changes throughout the growing season and better monitor the changes
naturally occurred or induced by humans.

Vegetation phenology based on remote sensing data refers to the spatio-temporal
development of the vegetated land surface as revealed by satellite sensors (de Beurs
and Henebry 2004). The main assumption behind all methods for phenological
determination from satellite sensor data is that the signal is related to measures of
vegetation. A time-series of a given vegetation index (VI) follows annual cycles of
growth and decline. Thus, deriving phenological metrics from remotely sensed data
consists on the analysis of the seasonal VI trajectory, and identifying critical points
such as the start-of-season or the end-of-season (Bradley and Mustard 2008).

Although the access to Earth Observation Satellite VI time-series is cur-rently
widespread, with low or without costs, there is still a gap between the data itself
and the meaningful information that can be extracted. Phenological metrics exploit
the seasonal growth cycle information, which could be influenced by non-climatic
factors, biogenic and anthropogenic disturbances (fires, land degradation, insect
attacks), or temperature and rainfall variations (Julien and Sobrino 2009; Potter et al.
2003). The large amounts of data and the presence of noise can make the analysis
and extraction of relevant vegetation information a difficult and time consuming
process.

The Maximum Value Composites (MVC) process is generally used to mini-
mize the noise influence by analyzing the VI values on a pixel-by-pixel basis,
in a predefined time-period, retaining the highest value for each pixel location
(Holben 2007). A MVC image is obtained when all pixels have been evaluated.
The MVC imagery is highly related to the green vegetation dy-namics, and
common problems encountered in single-date remote sensing studies, as cloud
contamination, atmospheric attenuation and observation geometry are minimized
using MVC (Tucker et al. 1985). However, generally the MVC process is not
sufficient to eliminate all unrealistic variability from VI time-series (Jonsson and
Eklundh 2004; Rodrigues et al. 2013). Further-more, additional noise may be also
introduced by the process of overlaying several images (for example due to image
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Table 10.1 Filtering methods proposed for smoothing remotely sensed time-series of vegetation
indices

Filtering method Some prominent applications

Running medians Velleman (1980)
Best index slope extraction Viovy et al. (1992) and Lovell and Graetz

(2001)
Weighted least squares windowed regression Sweets et al. (1999)
Harmonic series and higher order splines Roerink et al. (2000), McCloy and Lucht

(2004) and Bradley et al. (2007)
Wavelets Li and Kafatos (2000) and Sakamoto et al.

(2005)
Asymmetric Gaussian Jonsson and Eklundh (2002)
Double logistic Zhang et al. (2003) and Beck et al. (2006)
Savitzky-Golay Chen et al. (2004)
Mean value iteration Ma and Veroustraete (2006)
Whittaker smoother Atzberger and Rembold (2009) and Atzberger

and Eilers (2010)
Breaks for additive seasonal and trend Verbesselt et al. (2010)
Frequency analysis Lhermitte et al. (2011)
Adaptive local iterative logistic fitting Cao et al. (2015)

misregistration). Thus, it is necessary to fit a model to the observed data before
the extraction of vegetation dynamics information. An appropriate model should be
capable of smoothing the data without introducing artifacts or suppressing natural
variations of the vegetation (Fontana et al. 2008). During the last years, different
filtering techniques have been proposed (summarized in Table 10.1). In general, data
smoothing facilitates the satellite time-series analyses, by eliminating the unrealistic
abrupt peaks and aberrant values that appears in the VI profile (Fontana et al. 2008).
Moreover, it permits a better observation of the vegetation changes over time and the
identification of the main and double growing seasons, which is not always clearly
possible using the VI original data. This is illustrated in the example presented in
Fig. 10.1.

Developing algorithms to automatically remove the time-series noise and retrieve
land surface phenology metrics from satellite data has been an active research topic
for the last decade. TIMESAT (Jonsson and Eklundh 2004) is the most known
software for time-series phenology analysis, being used in several research studies
(e.g. Gao et al. 2008; Verbesselt et al. 2012; Zeng et al. 2013). It is an open source
software and provides three different smoothing functions to fit the time-series data:
asymmetric Gaussian, double logistic and adaptive Savitzky-Golay filter. TIMESAT
uses a simple method, based on thresholds, to determine a set of phenological
metrics, including the start-of-season, mid-season and end-of-season.

Besides TIMESAT, there are other software packages allowing the analysis
of the satellite time-series, reduction of noise components and/or extraction of
phenological metrics from satellite time-series data. HANTS (Roerink et al. 2000),
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Fig. 10.1 Example of a temporal series of NDVI acquired from NOAA AVHRR for a semi-
natural meadows region in Montalegre (Portugal) between 2001 and 2004. The dotted black line
corresponds to the original NDVI data and the solid green line the smoothed data produced using
the Savitzky-Golay method

TiSeG (Colditz et al. 2008), TSPT (Prados et al. 2006; McKellip et al. 2008), PPET
(McKellip et al. 2010), TIMESTATS (Udelhoven 2011), the software developed
by USGS Earth Resources Observation and Science Center (Ross et al. 2009),
Enhanced TIMESAT (Tan et al. 2011) and the SPIRITS (Eerens et al. 2014) are
some examples. Although these software products have important functionalities
for the extraction of phenological information, they present two great limitations:
(i) none of them allows the selection of an in-season window of interest, which
is fundamental for analyzing vegetation types and crop systems with more than
one growth cycle through the year; and (ii) except for TIMESAT, none of them
has a specific option to characterize a double growth season phenology. Moreover,
they work well in ecosystems with predictable minimum and maximum VI values,
however they cannot adapt so well to different vegetation dynamics over the years,
caused by uncontrollable conditions (drought year, unseasonal snow, fire, plagues
and diseases), and crops with partial ground cover or period of dormancy.

To address the aforementioned limitations, PhenoSat was developed to detect the
number of growth seasons in each year and has the option to define an in-season
window of interest. The ability to model more than one growing season makes
PhenoSat an useful tool for study different crops, able to deal with adverse weather
and soil conditions. The main characteristics and functionalities of PhenoSat were
tested using a multi-year experiment and different vegetation types, as well as data
from two different sensors.
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10.2 PhenoSat Description

PhenoSat is a software tool developed to extract phenological information from
satellite VI time-series. This tool was implemented in Matlab (Higham and Higham
2000) using a simple interface to provide an easy-to-use soft-ware. PhenoSat can
receive two standard input text files: containing the orig-inal satellite VI images, or
containing a temporal VI dataset. For the VI im-ages, a pixel-by-pixel approach is
conducted, and a specific region can be selected instead of using all image size. For
a temporal dataset, the numerical values (VI) are already standardized in a text file.

A number of satellite based metrics related with main growing season phe-
nological parameters (e.g. start-of-season, maximum vegetation develop-ment,
end-of-season) can be determined by PhenoSat. Some vegetation types and crops
systems present more than one growth cycle through the year manly related with
crop rotation or vegetation regrowth. The timing and magnitude of these in-season
cycles present high intra-annual variability due to some factors such as climate,
animal grazing and human land use decisions. Information about the timing of
start and maximum of these seasonal cycles can be obtained using PhenoSat. It
is important to note that some extreme conditions (e.g. fire, unseasonal snow) could
result in a false report of a double growing season. For this reason, a new feature was
developed in PhenoSat that allows the selection of a sub-temporal region of interest,
based on vegetation dynamics knowledge. The annual VI time-series subinterval,
defined manually or automatically, improves the fitting process, providing more
realistic results of the vegetation dynamics.

PhenoSat outputs two files containing the phenological information (es-timated
date and respective VI value) and the processed data at each of the fitting steps.
When the VI images are used as input, three additional output images will be
created. These images present, for each pixel analyzed, the phenological estimated
dates for three main stages: start-of-season, maximum vegetation development and
end-of-season.

10.2.1 PhenoSat Fitting Methods

Some VI datasets available online from different sensors (e.g. AVHRR, SPOT
VEGETATION (SPOT_VGT), MODIS) are already preprocessed in order to reduce
the noise caused by a variety of biophysical factors (Carreiras et al. 2003; Gutman
1991; Li and Strahler 1992). Although this preprocessing is generally effective,
the VI datasets still retain some problems (punctual outliers or abrupt changes)
that require additional processing. Noise reduction filters can be applied to remove
the undesirable artifacts, improving the subsequent analysis, and leading to more
reliable vegetation dynamics information.
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PhenoSat analyses year-by-year and considers as outliers the VI values that
present a VI difference above 0.2 from the median (Mw), and from its left and
right spatial neighbors. A VI profile variation of more than 0.2 is considered a high
variation (abrupt increase or decrease) which is unexpected between consecutive
observations in any vegetative crop cycle. The values of these outliers are replaced
by the Mw value. To modify the bias of the fit, an upper envelope (Beck et al. 2006)
can be applied. The upper envelope compares the smoothed and original data, and
the data points below the model function are considered to be less important. This
method enhances the spring and summer periods, allowing a better discrimination
of the maximum vegetation development. Although these actions can remove the
VI time-series outliers, some noise might still remain. For this reason, PhenoSat
provides six methods that can be used to obtain improvements in the noise reduction
process. The methods are: cubic smoothing splines (CSS), piecewise-logistic (PL),
Gaussian models (GM), Fourier series (FS), polynomial curve-fitting (PCF) and
Savitzky-Golay (SG). The CSS algorithm (Reinsch 1967) fits a cubic smoothing
spline to the VI time-series data. The adherence of the smoothing spline method to
the given data depends on the algorithm parameter selected.

Beck et al. (2006) and Fontana et al. (2008) proved that vegetation dynamics
tends to follow a well-defined growth temporal pattern and the vegetation cycle
can be represented by a double-logistic function. PhenoSat uses a particular case of
a double-logistic function (PL) defined by Eq. 16.1, where t represents the time,
VIt the VI value at time t, c and d are the slopes at the ‘left’ and the ‘right’,
and p and e are the inflection points dates. VIw and VIw1 are the VI values before
the bud break and after the leaf fall, respectively. The k parameter is related with
the asymptotical value and assures the continuity between vegetation growth and
senescence parts, even when they differ in shape (Cunha et al. 2010). The PL seven
parameters are estimated using the Levenberg-Marquardt algorithm (Montgomery
et al. 2006), which requires reasonable initial values.

VIt D VIw C
k

1 C exp Œ�c .t � p/�
�

k C VIw � VIw1

1 C exp Œ�d .t � e/�
(10.1)

Figure 10.2 presents a representation of the PL parameters, using two consecutive
years of NDVI (Normalized Difference Vegetation Index) SPOT_VGT data. The
continuity between the 2 years is assured by the VIw and VIw1, being the VIw for
the second year (beginning of the time-series) the same as the VIw1 for the first year
(final of the time-series).

The GM adjustment to data is given by the Eq. 16.2 (Goshtasby and Oneill 1994):

y D
Xn

iD1
aie

2

4�

 x � bi

ci

!2
3

5

(10.2)

where a is the amplitude, b the centroid (location), c is related to the peak width and
n is the number of peaks to fit (1 � n � 8).

http://dx.doi.org/10.1007/978-3-319-47037-5_16
http://dx.doi.org/10.1007/978-3-319-47037-5_16
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Fig. 10.2 Representation of the piecewise-logistic function parameters, using NDVI SPOT VEG-
ETATION data from two consecutive years

The FS is a sum of sine and cosine functions of different period that describes a
periodic signal (Mitra 2010). In the trigonometric form, it is represented as:

y D a0 C
Xn

iD1
Œai cos.nwx/ C bi sin.nwx/� (10.3)

where a0 models a constant (intercept) term in the data and is associated with the
i D 0 cosine term, w is the fundamental frequency of the signal, and n is the number
of terms (harmonics) in the series .1 � n � 8/.

The PCF (Verschelde 2007) finds the coefficients of a polynomial, of a given
degree, that fits the data. The higher the degree, the closer the fitting curve will be
to the data, although this should be done only up to a certain (reasonable) degree.

The SG filter (Press et al. 2007) defined by

gi D
XnR

nL
cnfi C n (10.4)

is a particular type of low-pass filter, that replaces each data value fi; i D 1; : : : ; N;

by a linear combination gi of nearby values in a window defined by the number of
points ‘to the left’ (nL) and ‘to the right’ (nR) of a data point i. In PhenoSat, the
SG filter uses nL D nR and is always applied to smooth the original VI data. For
the subsequent analysis, it can be used alone or combined with one of the other
methods.

Figure 10.3 presents a comparison of the six fitting methods described, using a
NDVI SPOT_VGT annual time-series obtained from a Closed Deciduous Forest.
The PCF and GM methods present the most distinct fitting results for the main and
double growing seasons. The biggest differences are on the double growth season,
where these two methods present low sensitivity to detect the regrowth peak, over
smoothing this occurrence. It is important to note that PCF, GM, FS and CSS require
a smoothing parameter to fit the da-ta. The results presented were obtained using an
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Fig. 10.3 Comparison of PhenoSat fitting methods using a NDVI SPOT VEGETATION annual
time-series obtained from a Closed Deciduous Forest

intermediate value for each method in order to provide a more coherent comparison
(a parameter of 5 was used in FS, GM and PCF methods, and a value of 0.5 for
CSS).

10.2.2 Phenological Metrics

PhenoSat is able to determine the VI value and time of occurrence of the following
seven phenological events in the main growing season: start-of-season (SOS),
maturity (MAT- beginning of the ripening stage/full canopy), maximum vegetation
development (MVD), senescence (SEN), end-of-season (EOS), and the maximum
growth and maximum senescence rates (namely left (LIP) and right (RIP) inflexion
points, respectively).

The phenological information is obtained using the derivatives of the fitting
VI time-series, as illustrated in Fig. 10.4. The LIP (and RIP) corresponds to the
maximum (and minimum) of the fitted first derivative. The MVD is determined as
the maximum VI fitted value in the interval defined by LIP and RIP. The maxima
of the fitted VI time-series second derivative, at the left/right of the MVD, identify
the SOS/EOS. Similarly, the MAT/SEN can be found using the minima of the fitted
data second derivative, at the left/right of the MVD.

Some factors, such as adverse weather conditions (snow, ice or extreme heat),
water availability, pasture management and/or herbaceous vegetation growth in the
winter season, can interrupt the first growth vegetation cycle and induce an annual
regrowth in some crops (e.g. crop systems with more than one growth cycle a year,
shrublands or semi-natural meadows). This phenological information can also be
extracted by PhenoSat if required. This option allows recording the VI value and
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Fig. 10.4 Representation of PhenoSat derived phenological stages using the maxima and minima
of the first and second derivatives of the NDVI fitted data

date of occurrence for the start and maximum of this in-season period. PhenoSat
calculates the regrowth parameters using the pre- smoothed time-series (removed
outliers and SG filter application) after the EOS time occurrence.

The regrowth start is defined as the point where an increase of three or more
points occurs after the EOS stage. After this starting point, a decreasing period of
two or more points determines the maximum of the regrowth. In some cases, the
regrowth reported can be a “false regrowth”. For example in vineyards, as many
other discontinuous canopies, during the winter season the inter-row vegetation
growth appears as a regrowth in the vineyard annual profile. The unseasonal snow
could also result in a false report of a double growth season in many environments.
Only with the knowledge/analysis of the ground conditions it is possible to infer
about the truth of the regrowth.

The selection of an in-season temporal region of interest, based on known
vegetation dynamics, can help dealing with a false regrowth, particularly for natural
land cover types. PhenoSat has the possibility to select, automatically or manually,
the in-season temporal region of interest. The manual selection can be done by
inputting the initial and final time positions, based on known behavior of the
vegetation in the field at normal growth conditions. This type of selection presents
some limitations when adapting to different dynamics over the years. PhenoSat tries
to solve this problem with an optional approach that automatically detects the region
of interest. This option, based on the VI time-series profiles, is more flexible and
can adapt to the dynamics variations over the years. To determine the annual time-
series subinterval, PhenoSat firstly calculates the maximum value of the VI unfitted
data. Then, searches for the initial position, which corresponds to the point where
a significant increase (or abrupt decrease) is verified to the left of the maximum.
Afterwards, to determine the final position, the algorithm proceeds in a similar way
but evaluating the data to the right of the maximum.



204 A. Rodrigues et al.

10.3 PhenoSat Application

10.3.1 Study Area and Satellite Data

The PhenoSat software was tested for different vegetation types and geographical
locations in continental Portugal. The NDVI time-series from AVHRR (10-days
composite and 1-km resolution) and SPOT_VGT (10-days composite and 1-km
resolution) covering Portugal, were downloaded from The Joint Research Centre
Community Image Data portal (JRC-CID 2013).

The performances of PhenoSat were tested in two land use types that present,
mainly, a different annual growth pattern (Table 10.2): vineyard (VIN) in Douro
wine region (Northeast Portugal); and semi-natural meadows (SNM) in Montalegre
(Northeast Portugal). In Douro region the predominant land cover is the vineyard
with extensive contiguous areas. The vineyard has a long dormancy period with
intense understory vegetation growth and a discontinuous canopy (Cunha et al.
2010). The SNM are an essential element of the mountain landscapes in Northern
Portugal, and represent the main fodder resource for livestock production. This type
of crop is characterized by a regrowth around the month of August, whose intensity
and date of occurrence are mainly dependent of climatic conditions (Pocas et al.
2012).

The different vegetation profiles provided by these crops (Fig. 10.5) permit to
evaluate the adaptability and performance of PhenoSat to distinct situations. For
each crop, a training area was defined carefully to avoid pixel boundaries with other
crops, hence the reduced number of pixels (Table 10.2) used in these experiments.
Entire training areas were considered as units, instead of using a pixel-by-pixel
approach. The median of the NDVI values of the pixels assigned to each crop

Table 10.2 Description of training areas and satellite datasets used to test PhenoSat

Land cover Acronym

Coordinates
(Long/Lat
WGS84)

Satellite
products

Time-series
period Size (pixels)

Vineyarda VIN UL:
7d45’17.7W,
41d09’51.6N

SPOT_VGT
AVHRR

2001–2010 6

BR:
7d43’41.8W,
41d08’48.4N

Semi-natural
meadows

SNM UL:
7d57’36.9W,
41d38’15.2N

SPOT_VGT
AVHRR

2001–2010 4

BR:
7d56’33.4W,
41d37’11.6N

aphenological field measures available
UL upper left corner, BR bottom right corner



10 PhenoSat – A Tool for Remote Sensing Based Analysis of Vegetation Dynamics 205

0.85

0.73

0.61

0.49

0.37

0.23
1 36 71 106 141 176 211 246 281 316 351

0.78

0.58

0.38

0.18
1 36 71 106 141 176 211 246 281 316 351

AVHRR SPOT_VGT

AVHRR SPOT_VGT

N
D

V
I 

[ 
]

Time(10-day units)

N
D

V
I 

[ 
]

Time (10-day units)

a

b

Fig. 10.5 Original NDVI temporal profiles obtained from SPOT VEGETATION and AVHRR
data, for the semi-natural meadows (a) and vineyard (b) land use types, for the period 2001–2010

were computed. The yearly NDVI time-series were created using the median values
obtained for each of the images available in a year.

10.3.2 Extraction of Phenological Information

The ability of PhenoSat to estimate phenological metrics from satellite VI data
was evaluated by a comparison between PhenoSat derived phenology and reference



206 A. Rodrigues et al.

Table 10.3 Statistics of reference phenological measures obtained for vineyard (VIN) and semi-
natural meadows (SNM) vegetation types

Phenological stage Statistics VIN SNM

Start-of-Season Mean (DOY) 82.16 98.00
Maximum (DOY) 92.00 150.00
Minimum (DOY) 78.00 70.00
Standard deviation (days) 4.73 23.15

Flowering Mean (DOY) 145.76 n.a.
Maximum (DOY) 153.00 n.a.
Minimum (DOY) 125.30 n.a.
Standard deviation (days) 7.18 n.a.

Veraison/Maximum Vegetation Development Mean (DOY) 204.20 169.00
Maximum (DOY) 213.50 180.00
Minimum (DOY) 199.70 150.00
Standard deviation (days) 4.07 10.44

End-of-season Mean (DOY) n.a. 237.00
Maximum (DOY) n.a. 250.00
Minimum (DOY) n.a. 210.00
Standard deviation (days) n.a. 12.69

n.a. means that no reference phenological measurements were available. Flowering for SNM and
End of Season for VIN are two stages extremely difficult to obtain through reference observations.
For this reason they were not considered in this study

measures. Table 10.3 presents the statistics of reference phenological measures
obtained for each study area. For the VIN test site, the reference phenological mea-
sures were obtained by field collection, according to the Baggiolini scale (Baggiolini
1952). The bud break (BUB), flowering (FLO) and veraison (VER, define as the
‘change of color grapes’ stage) reference measurements were compared with the
SOS, MAT and SEN derived by PhenoSat. As no ground measures of phenology
were available for SNM, the PhenoSat results for SNM were compared with the
observed measures (named reference measures from this point) derived by visual
inspection of the original VI time-series, taking into account the knowledge of the
vegetation behavior in the field at normal conditions. As an example, Fig. 10.6
presents the reference measures determined from the SNM for 1 year. The SOS
was determined as the first point where a significant (four or more points) NDVI
growth was occurred (March/April). The MVD was identified as the maximum
NDVI value in the annual time-series, which generally occurs in June or early July.
The abrupt decrease verified after this point is due to the grass cutting process. The
remaining ground vegetation (about 5 cm height) begins a senescence period until
the maximum senescence (EOS), occurring mostly around August. In general the
SNM EOS stage is followed by a regrowth (RG), representing the first significant
(three or more points) vegetation growth after the EOS occurrence.
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Fig. 10.6 Example of phenological “reference measures” derived from the analysis of a 1-year
series (from NDVI SPOT VEGETATION for the semi-natural meadows)

Table 10.4 Correlations between reference and PhenoSat estimated vineyard phenology, using
NDVI data from SPOT_VGT and AVHRR sensors

SPOT_VGT (n D 10) AVHRR (n D 10)
Fitting methods Start Maturity Mid-season Start Maturity Mid-season

CSS �0.27 �0.78 �0.40 0.49 �0.28 0.07
FS �0.17 �0.76 �0.58 0.56 �0.32 �0.27
GM 0.77 �0.69 0.67 0.45 0.47 0.36
PCF �0.33 �0.71 �0.38 �0.30 0.41 0.21
PL 0.63 �0.66 �0.55 �0.06 0.30 0.18
SG 0.30 �0.77 �0.25 0.30 �0.21 �0.08

The start, maturity and mid-season represent the comparison between SOSvsBUB, MATvsFLO
and SENvsVER, respectively. The SOS, MAT and SEN are the derived PhenoSat phenology, and
BUB, FLO and VER are the phenological measures obtained in the vineyard
Fitting methods: CSS Cubic Smoothing Splines, FS Fourier Series, GM Gaussian Models, PCF
Polynomial Curve Fitting, PL Piecewise-Logistic, SG Savitzky-Golay

10.4 Results and Discussion

10.4.1 PhenoSat-Derived Phenology

The VIN phenological parameters estimated by PhenoSat were compared with those
obtained from reference measurements. The results are presented in Table 10.4.

Using the SPOT_VGT data, the correlations obtained for the start-of-season were
no higher than 33 %, except for GM and PL which obtained, respectively, values
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of 0.77 (n D 10; p D 0.004) and 0.63 (n D 10; p D 0.025). The inter-row vegetation
growth during the winter, and the difficulty in discriminating the first grapevine
leaves from the satellite data, makes it difficult to estimate with high precision the
SOS VIN stage. For maturity and mid-season stages, representing the period around
VIN full canopy, PhenoSat obtained, in general, higher correlations than for the SOS
stage.

The NDVI values for AVHRR were always greater than SPOT_VGT values
(Fig. 10.5b), being the higher differences at the end of the years. Comparing with
reference measurements (Table 10.4), the AVHRR data achieved better correlations
for the SOS, for most of the fitting methods. For the remaining phenological
stages, the SPOT_VGT data were better, providing correlations above 70 % (n D 10;
p � 0.012), in some cases.

The overall results proved that PhenoSat is capable to extract phenological
information from VI data provided by different satellite sensors, with a slightly
better performance for the SPOT_VGT. The AVHRR sensor was not originally
designed for vegetation studies (Cracknell 1997), having some limitations as water
vapor sensitivity and lacks on quality and atmospheric corrections. These limitations
are partially solved by the SPOT_VGT sensor that was specifically designed to
capture the main characteristics of the vegetation development in the land surface,
presenting better navigation, atmospheric correction and improved radiometric
sensitivity system (Gobron et al. 2000).

The flexibility of PhenoSat to extract phenology data from different land use
types was tested using the SNM. A comparison between the estimations and
reference measures is presented in Table 10.5. The phenological dates for SOS,
MVD and EOS stages were extracted with a reasonable precision with correlations
higher than 0.50 in most cases. All the fitting methods produced similar results,
being PCF the method with best performance for the SOS stage (n D 10; r D 0.86;
p D 0.001).

Table 10.6 shows the standard error (SE) of PhenoSat estimations obtained
using NDVI SPOT_VGT data, for VIN and SNM crops. For VIN, the SE was not

Table 10.5 Comparison between reference and PhenoSat estimated phenology for the semi-
natural meadows crop, using SPOT_VGT data

Correlation Reference vs PhenoSat

Fitting methods Start of season
Maximum vegetation
development End of season

CSS 0.58 0.54 0.51
FS 0.50 0.45 0.66
GM 0.43 0.56 0.63
PCF 0.86 0.44 0.63
PL 0.38 0.51 0.65
SG 0.53 0.53 0.54

Fitting methods: CSS Cubic Smoothing Splines, FS Fourier Series, GM Gaussian Models, PCF
Polynomial Curve Fitting, PL Piecewise-Logistic, SG Savitzky-Golay
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Table 10.6 Standard error of PhenoSat estimations using SPOT_VGT data for the two crops
studied

Vineyard Semi-natural meadows

Fitting methods SOS Maturity Mid-season SOS

Maximum
vegetation
development EOS

CSS 6.76 4.08 2.22 16.5 14.4 10.2
FS 7.95 4.35 3.21 11.2 14.1 12.3
GM 8.03 5.65 2.44 7.2 14.1 10.7
PCF 9.94 4.08 4.21 13.1 14.3 10.3
PL 5.08 2.47 1.76 11.7 4.4 5.4
SG 8.83 4.08 4.12 15.3 14.9 10.4

SOS Start of season, EOS End of season
Fitting methods: CSS Cubic Smoothing Splines, FS Fourier Series, GM Gaussian Models, PCF
Polynomial Curve Fitting, PL Piecewise-Logistic, SG Savitzky-Golay

higher than 10 days. The higher values were obtained for VIN SOS stage, being in
accordance with the low correlations showed in Table 10.4. For both VIN and SNM
crops, the PL was, in general, the best method with a minimum SE for the VIN
mid-season of 1.76 days, and a maximum of 11.7 days for SNM start of season.

The capability of PhenoSat in determining multiple growths in a same year was
also tested using the SNM data. This crop is characterized by an annual regrowth
around the month of August. However, the start of the regrowth can suffer changes
due to some factors such as the climatic conditions and human intervention.

Figure 10.7 presents the original and smoothed NDVI SPOT_VGT profiles for
the SNM land use type, for the three final years (2008, 2009 and 2010). The
smoothed data were obtained using a SG filter with a first degree polynomial and
frame size 5. These parameters removed the outliers/spikes without suppressing the
natural variations of the SNM VI original data. From the analysis of the smoothed
profiles it is possible to see that 2010 is the only year that presents a double
growth season, with start (3 or more consecutive points increasing) around the DOY
270. Table 10.7 shows the timing of regrowth derived from the original data and
determined using PhenoSat. All six fitting methods were capable to detect the start
of the regrowth, obtaining similar results. The similar, and in some cases equal,
results can be explained by the fact that the regrowth estimations are obtained using
the pre-smoothed data (removed outliers and SG application). These pre-smoothed
data present high correlation (around 88 %) with the original data, thus allowing
a more realistic analysis and leading to more reliable results. In the years 2001,
2003, 2007, 2008 and 2009 there was no regrowth, which was correctly verified
by PhenoSat. For the remaining years, PhenoSat accurately detected the beginning
of the double growth season, being the differences between original and estimated
parameters of 10-days (except for PCF in the year 2004). Similar conclusions were
observed for the maximum of the regrowth.
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Fig. 10.7 Original and smoothed NDVI SPOT VEGETATION time-series for the semi-natural
meadows crop, for years 2008, 2009 and 2010

Table 10.7 Start of double growth season estimations using original and fitted data, for semi-
natural meadows

Start of double growth (day of the year)

Method 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
CSS n.a. 260 n.a. 230 260 250 n.a. n.a n.a. 260
FS n.a. 270 n.a. 230 260 260 n.a. n.a. n.a. 260
GM n.a. 260 n.a. 230 260 260 n.a. n.a. n.a. 270
PCF n.a. 260 n.a. 250 270 260 n.a. n.a. n.a. 270
PL n.a. 260 n.a. 230 260 250 n.a. n.a. n.a. 260
SG n.a. 260 n.a. 230 260 250 n.a. n.a. n.a. 280
Original n.a. 260 n.a. 230 260 250 n.a. n.a. n.a. 270

n.a. signifies that no regrowth is verified on this year
Fitting methods: CSS Cubic Smoothing Splines, FS Fourier Series, GM Gaussian Models, PCF
Polynomial Curve Fitting, PL Piecewise-Logistic, SG Savitzky-Golay

10.4.2 Advantages of Selecting an In-season Region of Interest

PhenoSat has the option to select a region of interest, instead of using all range
of observations in a year. The reduction of the VI time-series improves the
fitting process, capturing more efficiently the maximum vegetation development,
thus producing more realistic results. To evaluate the utility of this feature on
phenological studies, PhenoSat was tested using the VIN. The interest region must
be selected according to the behavior of the studied vegetation in the field, under
normal conditions. The grape-growth cycle in Douro (Portugal) starts with the
bud break stage, which occurs around March. The harvest period typically occurs
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Fig. 10.8 NDVI SPOT VEGETATION original time-series (dot line) and the piecewise-logistic
fitted results using all range of observations (dash line) and the in-seasonregion of interest (solid
line), for the vineyard in 2009

between August and September/October, however it is deeply dependent on the
winemakers according to the style and quality of the wine they wish to produce.
Considering these facts, the main phenological cycle of the studied VIN crop is
assumed to be ranged from March (DOY 70) to September (DOY 270).

Figure 10.8 presents the VIN NDVI SPOT_VGT data for the year 2009, and
the PL fitting results using all range of observations (dash line) and the in-season
region of interest. Using all range of observations, the maximum peak of the VIN
(around the DOY 180/190) cannot be detected due to the initial peak around the
DOY 30 that could be related with winter vegetation growth in the vineyard inter-
row. The inclusion of this early pick of NDVI profile led to an over smoothed of the
main growing cycle. On the other hand, the use of the region of interest allowed a
more accurate adaptation of the fitting method to the variations of the original data
during the main growth cycle. The full canopy and senescence stages were captured
with high precision and more realistic results were produced. The PL fitted data,
produced using region of interest (from 7 to 27 10 days NDVI; 21 observations)
instead the all 36 observations, improves the R-square from 0.596 to 0.997.

Another example of the importance of the use of the interest zone in vineyards
is presented in Fig. 10.9. The PL fitted results, using all the 36 observations,
captured the initial peak (DOY 70) as the maximum development of the VIN crop.
This erroneous information led to non-accurate phenological estimations. Using the
region of interest, the fitted results captured more precisely the VIN growing season,
over smoothing the period related with the soil vegetation growth.

The selection of a region of interest proved to be useful not only in reducing the
processing time, but also in obtaining better fitted results, and consequently more
reliable phenological information.
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Fig. 10.9 NDVI SPOT VEGETATION original time-series (dot line) and the piecewise-logistic
fitted results using all range of observations (dash line) and using an inseason region of interest
(solid line), for the vineyard in 2001

10.5 Conclusions

PhenoSat is an easy-to-use software tool which enables phenological information
to be extracted from satellite VI data. The experiments carried out indicate that
PhenoSat is capable of estimating phenological metrics with significant precision,
obtaining, in some cases, correlations with reference measurements above 70 %
(n D 10; p � 0.012).

PhenoSat permits the detection of an annual regrowth and the possibility to define
an in-season region of interest, which are limitations of other software packages
used to extract phenology.

The option to select an in-season region of interest results on an improvement
of the fitting process, leading to more reliable results. This PhenoSat feature
proved to be a valuable tool for vineyard monitoring and can extend the PhenoSat
application to crops with discontinuous canopy, like forestry and deciduous fruit
trees. PhenoSat proved to be capable to detect efficiently the regrowth occurrence.
The independency of the fitted results leads to a more realistic time-series profile
over the year and, thus, more accurate regrowth-derived results.

Comparing PhenoSat with other tools available for phenological studies (e.g.
TIMESAT, HANTS, Enhanced TIMESAT, PPET), PhenoSat appears as an intuitive,
easy-to-use software with two new important features: the possibility to select an in-
season region of interest, and the capability of identifying multiple regrowth within a
single year. Moreover, the extraction of phenological parameters using an algorithm
based on changes of growth rates allows PhenoSat to avoid thresholds or empirical
constants, providing a flexible tool that can be applied to different crops and VI data
provided from different data sources.

PhenoSat is freely available at http://www.fc.up.pt/PhenoSat website.

http://www.fc.up.pt/PhenoSat
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