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Abstract 

This research aims at developing a remote sensing technique for monitoring the interannual 

variability of the European larch phenological cycle in the Alpine region of Aosta Valley (Northern 

Italy) and to evaluate its relationships with climatic factors. Phenological field observations were 

conducted in eight test sites from 2005 to 2007 to determine the dates of completion of different 

phenological phases. MODerate Resolution Imaging Spectrometer (MODIS) 250 m 16-days 

normalized difference vegetation index (NDVI) time series were fitted with double logistic curves 

and the dates corresponding to different features of the curves were determined. Comparison with 

field data showed that the features of the fitted NDVI curve that allowed the best estimate of the 

start and end of the growing season were the zeroes of its third derivative (MAE of 6 and 4 days, 

respectively). The start and end of season were also estimated with the spring warming (SW) and 

growing season index (GSI) phenological models. MODIS start and end of season dates generally 

agreed with those obtained by the SW and GSI climate-driven phenological models. However, 

phenological models provided erroneous results when applied in years with anomalous 

meteorological conditions. The relationships between interannual variability of the larch 

phenological cycle and climate were investigated by comparing the mean start and end of season 

yearly anomalies with air temperature anomalies. A strong linear relationship (R2=0.91) was found 

between mean spring temperatures and mean start of season dates, with an increase of 1 °C in mean 

spring temperature leading to a 7-day anticipation of mean larch bud-burst date. Leaf coloring dates 

were found to be best related with mean September temperature (R2=0.77), but with higher spring 

temperatures appearing to lead to earlier leaf coloring. 

Nomenclature:  

A1..5=NDVI metrics computed in the Autumn season 

AP1..5=Autumn phenological phases 

DOY=Day of the year 

EF=Modeling efficiency 

EOSGSI=End of season date estimated by the GSI model 

EOSMODIS=End of season date estimated from MODIS data 

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2010.02189.x/full#publication-history


= Yearly anomaly of MODIS end of season of one pixel with respect to its 2000–2007 

mean 

= Mean regional yearly anomaly of MODIS end of season 

EOSOBS=End of season date estimated from field observations 

GSI=Growing season index 

GSL=Growing season length 

MAE=Mean absolute error 

ME=Mean error 

MODIS=MODerate Resolution Imaging Spectrometer 

NDVI=Normalized difference vegetation index 

r = Pearson's correlation coefficient 

= Adjusted coefficient of determination of the multiple regression 

S1..5=NDVI metrics computed in the spring season 

SOSGSI=Start of season date estimated by the GSI model 

SOSMODIS=Start of season date estimated from MODIS data 

= Yearly anomaly of MODIS start of season of one pixel with respect to its 2000–2007 

mean 

= Mean regional yearly anomaly of MODIS start of season 

SOSOBS=Start of season date estimated from field observations 

SOSSW=Start of season date estimated by the SW model 

SP1..5=Spring phenological phases 

SW=Spring warming 

VI=Vegetation indexes 

 

Introduction 

Phenology is the study of recurrent biological events and the causes of their temporal change due to 

biotic and abiotic forces (Lieth, 1974). As regards plants, phenological studies provide an 

understanding of the timing of the main seasonal events, such as bud-burst, flowering, leaf coloring 

or leaf fall. Since this timing is a consequence of the relationships between vegetation and climatic 

and other ecological drivers (e.g., air temperature, photoperiod, snow cover, soil moisture), the 

analysis of its variations can be exploited to evaluate the effect of recent climatic change on 

terrestrial ecosystems (e.g., Chen et al., 2000; Chuine, 2000; Kramer et al., 2000; White et al., 

2003; Badeck et al., 2004). The study of plant phenology and its relationships with climate is 

particularly important in Alpine regions, since these areas are considered to be highly sensitive to 

climate change (e.g., Beniston & Rebetez, 1996; Theurillat & Guisan, 2001). 

Several studies based on analysis of time series of field phenological observations have shown 

evidence of an overall increase in growing season length (GSL) in the mid and high latitudes of the 

northern hemisphere in the last decades, generally related to an increase in air temperature (e.g., 

Menzel & Fabian, 1999; Rötzer et al., 2000; Schwartz & Reiter, 2000; Cayan et al., 2001; Defila & 

Clot, 2001; Chmielewski & Rötzer, 2002; Matsumoto et al., 2003; Schaber & Badeck, 2005; Studer 

et al., 2005). 

Local field observations are work-intensive and difficult to extrapolate to large areas. For this 

reason, multitemporal coarse resolution satellite images (1–8 km pixel size) have been extensively 

used to map the timing of phenological events at regional or continental scales, also providing 

evidence of an increase in GSL in boreal areas in the last decades, mainly related to an earlier start 

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2010.02189.x/full#b31
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2010.02189.x/full#b10
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2010.02189.x/full#b10
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2010.02189.x/full#b5
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2010.02189.x/full#b35
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2010.02189.x/full#b35
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2010.02189.x/full#b35


of the growing season (Myneni et al., 1997; Zhou et al., 2001; Bogaert et al., 2002; Slayback et al., 

2003; Stöckli & Vidale, 2004). 

Satellite phenological monitoring is usually based on the analysis of time series of spectral 

vegetation indexes (VI) derived from multispectral images. The timing of phenological events is 

estimated by identifying the dates corresponding to particular features (so-called VI metrics) of the 

annual VI time series. Several different metrics, such as fixed or local thresholds (White et al., 

1997; Studer et al., 2007), points of maximum slope of the time series (e.g., Schwartz et al., 2002; 

Cook et al., 2005) or inflection points of mathematical curves fitted to the VI curves (Zhang et al., 

2003; Beck et al., 2006; Fisher et al., 2006) have been proposed in the literature. Since the use of 

different metrics can provide very different results (White et al., 2009), a detailed comparison 

between satellite estimates and field-observed dates of phenological events is needed in order to 

identify an objective criterion for estimating, for example, the dates of the start and end of the 

growing season from satellite data (Reed et al., 1994; Schwartz & Reed, 1999). Such comparisons 

have however been seldom performed in the literature (e.g., Delbart et al., 2005, 2006; Beck et al., 

2007; Fisher & Mustard, 2007; Soudani et al., 2008) and provided contrasting results, also because 

of the large scale difference between coarse resolution satellite data and local phenological field 

observations (Fisher & Mustard, 2007). Only recently, MODIS images with pixel size of 250 m 

have been available for phenological mapping at higher spatial resolution, thus facilitating 

comparison between satellite estimates and field data (e.g., Ahl et al., 2006; Beck et al., 2006, 2007; 

Soudani et al., 2008). 

Besides field observations and satellite data, climate-driven phenological models are also an 

important tool for understanding phenological responses to interannual climatic variability, offering 

a unique opportunity to analyze the roles of the different factors governing plant phenology. For 

boreal and alpine species, phenological models taking into account only the action of air 

temperature as a driver of plant spring development are often used for the prediction of start of 

season dates (Hunter & Lechowicz, 1992; Picard et al., 2005). Simulation of end of season and GSL 

is instead less common (Jolly et al., 2005; Richardson et al., 2006; Delpierre et al., 2009), since the 

role of the different factors influencing senescence has not yet been clearly understood (Worrall, 

1999; Schaber & Badeck, 2002). The comparison between satellite estimates and phenological 

models can provide useful information both to understand the relationships between the satellite 

signal and plant phenological development, and to analyze the accuracy of climate-driven models 

on large areas (Fisher et al., 2007). This comparison has seldom been made in the literature, 

showing moderate to good agreement between results obtained with the two methods (e.g., 

Schwartz et al., 2002; Fisher et al., 2007; Delbart et al., 2008). 

In this paper, we present a study aimed at analyzing the interannual variability of the European 

larch phenological cycle in a mountainous Alpine area by using a combination of field observations, 

satellite data and phenological models. To this end, the performances of several VI metrics 

extracted from MODIS 250 m images for monitoring different phases of the larch phenological 

cycle were evaluated through comparison with field data collected in different years. The accuracy 

of the start and end of season dates estimated from MODIS was assessed and compared with that of 

two climate-driven phenological models. Regional start and end of season maps derived from 

MODIS data were finally analyzed to identify the relationships between larch phenology and air 

temperatures. This allowed a simple quantification of the response of European larch to interannual 

climatic variability in a sensitive terrestrial environment such as the Alps. 
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Materials and methods 

Study area and phenological field observations 

The study was conducted on European larch (Larix decidua Mill.) forests in the Aosta Valley 

(Northwestern Italy), a typical Alpine region with considerable variations in elevation and terrain 

morphology (Fig. 1). 

 

Figure 1.  Location of the study area and the eight monitoring sites. 

The European larch is a conifer widely distributed in the Alps which is well suited for phenological 

studies based on satellite data. Differently from the other conifers growing at high altitudes in the 

region, European larch is in fact a deciduous species, so that its phenological phases are more easily 

detectable from both field observations and remotely sensed data. Eight pure and homogeneous 

European larch communities were selected within the Aosta Valley. The eight sites cover a wide 

altitudinal range (1320–2160 m) and their spatial distribution encompasses the main climatic 

conditions of the region. Morphological parameters vary considerably from site to site. Mean slopes 

range between 14° and 52°, while exposures vary from E (110°) to NW (300°). No sites were 

selected in the N and NE quadrants to avoid shadowing problems on the satellite signal in the spring 

season. Basal area varies between 24.2 and 41.7 m2 ha−1 and fractional cover of tree crowns is 

generally above 70%, with the exception of the Stouba site that showed a mean fractional cover of 

44%. An extensive description of site characteristics can be found in Migliavacca et al. (2008). 

Three sampling plots located at different heights were identified in each site. Field observations 

were conducted in each plot in spring and autumn of 2005, 2006 and 2007 with a frequency of 

about 1 week to identify the dates of completion of the 10 phenological phases described in Fig. 2. 

Observations were conducted in all eight sites during 2005, while in 2006 and 2007 three of them 

were excluded because of logistical constraints. 
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Figure 2.  Visual representation and description of the spring (SP) and autumn (AP) phenological 

phases identified in the field surveys. 

During springtime, phase SP2 corresponds to bud-burst while the other phases are identified on the 

basis of needle elongation. Autumn senescence phases are instead identified on the basis of leaf 

coloring. For example, phase AP1 corresponds to the appearance of yellowing spots at the apical 

portion of basal and medial branches while phase AP3 is reached when yellowing occurs on the 

whole tree crown. 

At each field survey, a score ranging from 1 to 5 was assigned to 10 trees randomly selected near 

the center of each plot, as a function of the achieved phenological phase. Subjectivity in the 

assignment of phenological scores was reduced as much as possible by limiting the number of 

operators and performing preliminary training sessions. The dates of completion of each 

phenophase at plot level were then computed by linearly interpolating the average score of its 10 

trees against the sampling dates and determining the date at which the interpolated value reached 

the score corresponding to each phase (Migliavacca et al., 2008). This computation scheme leads to 

uncertainties in the estimated dates smaller than the time interval between the two field campaigns 

conducted before and after the computed completion date, minus 1 day. 

The completion dates at site level were finally computed as the mean of the dates of its three plots. 

The start of season at site level (SOSOBS) was defined to coincide with the date of completion of 

phase SP2, while the end of season (EOSOBS) was defined to coincide with the date of completion of 

phase AP3. In the spring season an additional phase was computed to verify the possibility of 

detecting the earliest spring phenological phases from satellite data (SP1.5: bud-burst completed on 

50% of the trees). 

Computation of remote sensing metrics 

MODIS normalized difference vegetation index (NDVI) preprocessing. All the 184 MODIS 

TERRA 16-day composite NDVI images with 250 m spatial resolution (MOD13Q1 Product – 

v005) acquired in the period 2000–2007 were downloaded from the EOS Data Gateway distributed 

archive.1 MOD13Q1 NDVI values are computed by applying the Constrained View Angle 

Maximum Value Composite algorithm on daily reflectance data acquired in the 16-day compositing 

period (Huete et al., 2002). Auxiliary information regarding data quality and snow cover conditions 

at the time of acquisition are also provided on a per-pixel basis. Starting from collection v005, the 

Julian day of acquisition of data used to compute the composite NDVI is also provided. This is of 

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2010.02189.x/full#b38
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great importance for phenological monitoring from satellite data, since it allows association of the 

composite NDVI values with their true acquisition dates. 

MODIS images were re-projected from the native SIN projection to a UTM-WGS84 reference 

system and resized on the study area using the ‘modis reprojection tool v. 4.0’ software.2 MODIS 

images acquired at different times were assumed to be well co-registered, so that no further 

geometric correction was performed. The effect of noise caused by cloud contamination, 

atmospheric variability and bi-directional effects, which can compromise the possibility of 

monitoring the vegetation phenological cycle from NDVI data (Sakamoto et al., 2005), was reduced 

by applying the smoothing procedure proposed in Chen et al. (2004). 

Winter NDVI values of larch forests in the Aosta Valley are typically negatively biased by the 

effect of snow cover. This makes it difficult to distinguish the NDVI increase due to vegetation 

growth from that due to snow melting (Delbart et al., 2005; Studer et al., 2007). In order to 

overcome this problem, a winter NDVI value was computed for each larch forest pixel and 

assumed to represent the typical NDVI that would have been observed in absence of snow during 

the larch dormancy phase, as suggested in Beck et al. (2006, 2007). To this end, the NDVI values 

>0.3 recorded in snow-free conditions (according to the MODIS Snow Cover Flag) in the autumn 

and early winter of each year were extracted. The of each larch pixel was then computed as 

the mean of the minimum values extracted in each year. NDVI values lower than were 

finally replaced with NDVIw, resulting in time series characterized by a constant value in the winter 

period. 

Curve fitting and determination of NDVI metrics. A double logistic function was fitted on the 

smoothed and snow-corrected MODIS time series to produce continuous NDVI curves. The double 

logistic was demonstrated to be particularly well suited for phenological monitoring from remote 

sensing data (Beck et al., 2006; Fisher et al., 2006). This function allows asymmetry in the NDVI 

temporal evolution of spring and autumn but assumes an equal but opposite curvature at the start 

and end of the leaf unfolding (or leaf coloring) seasons, which may lead to a reduction of its ability 

to fit the NDVI time series (Beck et al., 2006). 

The double logistic function describes the NDVI time series as follows:  

(1) 

where is the NDVI of pixel i at day of the year (DOY) t, is the maximum 

NDVI during the year, S and A are the DOYs of maximum slope of the curve, respectively, in 

spring and autumn, whereas mS and mA are the slopes of the curve at DOYs S and A. 

For each pixel and year, the five parameters describing the shape of the fitting curve were 

determined by least squares minimization of the differences between Eqn (1) and the MODIS NDVI 

time series. This was accomplished through the use of a Levenberg–Marquardt curve-fitting 

algorithm (MPFIT –Markwardt, 2008). The DOYs at which the fitted logistic curves showed 

characteristic curvature changes (NDVI metrics) were then identified with the equations shown in 

Table 1. 
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Table 1.   Equations used for the computation of NDVI metrics  

Spring season (DOY) Autumn season (DOY) 

1. mS and mA are the values of maximum slope of the fitting curve in spring and autumn, 

occurring, respectively, at DOY S and A. 

  

  

  

  

  

Five metrics were identified in both the spring and autumn seasons. Metrics S3 and A3 are the dates 

of maximum increase (decrease) of the fitted curve, which also correspond to the dates at which the 

curve reaches its half-maximum value. These metrics are frequently used to estimate the start and 

end of season dates from remote sensing data (e.g., White et al., 1997; Badeck et al., 2004; Fisher 

& Mustard, 2007). Metrics S2,S4 and A2,A4 are the dates of transition between the linear and 

nonlinear portions of the sigmoid curve (Potts et al., 1993), and correspond to the roots of the third 

derivative of the fitted curve. Metrics S1,S5 and A1,A5 are the dates at which the rate of change in 

curvature in the NDVI data exhibits local minima or maxima, and correspond to local maxima and 

minima of the third derivative of the fitted curve. These metrics were previously used to estimate 

the dates of start and end of season, onset of maximum leaf area and dormancy (Ahl et al., 2006). 

Results of curve-fitting and NDVI metrics estimation for one of the pixels corresponding to the 

Torgnon site is shown as an example in Fig. 3. 

 

Figure 3.  Results of the double logistic curve fitting on MODIS NDVI of one pixel of the Torgnon 

site (year 2003) and position of the different NDVI metrics on the fitted curve and on its third 

derivative. 
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Computation of start and end of season from phenological models 

The start and end of season of larch at five of the monitoring sites were also estimated using the 

spring warming (SW –Chuine, 2000; Picard et al., 2005) and the growing season index (GSI –Jolly 

et al., 2005) phenological models, to provide an intercomparison of results achieved with satellite 

estimates and climate-driven models. 

The two models were selected because their input parameters had been optimized for application to 

European larch forests of the Aosta Valley in a recent study (Migliavacca et al., 2008). SW allows 

estimation only of start of season dates and assumes that from a specific day of the year (usually the 

1st of January) plants accumulate ‘heat units’ when mean daily air temperature exceeds a specified 

base temperature. Start of season (SOSSW) is assumed to occur when a critical sum of heat units (F*) 

is reached. GSI allows estimation of both start and end of season dates. The meteorological drivers 

of the model are daily minimum temperature, vapor pressure deficit (VPD) and photoperiod. Start 

of season (SOSGSI) is assumed to occur when the moving average with 21 days width of a daily 

index computed from meteorological inputs exceeds a user-defined threshold in spring, while end of 

season (EOSGSI) is assumed to occur when the moving average drops below the same threshold in 

autumn. 

In order to apply the models, mean and minimum daily air temperatures were derived from hourly 

data measured by weather stations installed in the central phenological monitoring plot of the five 

sites in 2005. Daily diurnal VPD was estimated from mean diurnal and minimum daily 

temperatures (the latter assumed to be equal to the dewpoint temperature) as suggested by Campbell 

& Norman (1998). Finally, the daily photoperiod of each site was computed using incoming 

radiation simulated with the Solar Analyst model (Fu & Rich, 1999). 

Comparison of field observations with NDVI metrics and phenological models 

estimates 

The field monitoring sites were accurately identified on MODIS images with the aid of detailed 

orthophotos. The dimension of the different sites varied from four to seven MODIS pixels, and the 

coefficient of variation of the NDVI signal during the larch growing season was generally lower 

than 10%. NDVI metrics for each site were computed as the mean of results obtained in its different 

pixels. 

The performance of the different NDVI metrics for monitoring the different larch phenophases was 

then evaluated by computing the correlation coefficient (r), the mean estimation error (ME) and its 

standard deviation, the mean absolute error (MAE) and the modeling efficiency (EF –Nash & 

Sutcliffe, 1970) between results obtained with each metric at the monitoring sites and the in-field 

observed dates of completion of each phenological phase. ME quantifies the tendency of the 

selected metric to overestimate or underestimate the DOY of completion of the selected 

phenophase, while MAE measures the expected difference (expressed in number of days) between 

the NDVI metric and the completion DOY. Finally, EF is a synthetic indicator of the efficiency of 

the metric in predicting the completion DOY, sensitive to systematic deviations between observed 

and estimated data (Janssen & Heuberger, 1995). The combined analysis of these different 

statistical parameters provides a thorough understanding of the accuracy of the estimates. In 

particular, good accuracy of one metric for estimation of one of the phenophases dates is evidenced 

by the combination of a high r, a near-zero ME, a low MAE and an EF near one. 
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The metrics showing the best performances for estimating phenophases SP2 and AP3 (which 

correspond to SOSOBS and EOSOBS) were identified and successively used to compute the start and 

end of season of larch forests in the entire Aosta Valley from MODIS data (SOSMODIS, EOSMODIS). 

The accuracy of the SW and GSI models for estimating the field-observed start and end of season 

dates was evaluated using the same statistical indicators and compared with that of MODIS 

estimates. The comparison was conducted considering only results obtained in 2006 and 2007 

because phenological models were parameterized by inversion against 2005 field data, so that the 

inclusion of 2005 data in the analysis would have resulted in an overestimation of the accuracy of 

phenological models (Migliavacca et al., 2008). 

Comparison between phenological and climatic interannual variations at regional 

level 

Larch forests of the Aosta Valley were identified on MODIS images on the basis of a map derived 

from visual interpretation of aerial ortophotos. Regional maps of SOSMODIS and EOSMODIS for the 

2000–2007 time period were then computed using the best performing NDVI metrics, identified as 

described in the above section. GSLMODIS was then computed as the difference between SOSMODIS 

and EOSMODIS. For each pixel, the yearly anomalies of SOSMODIS and EOSMODIS with respect to its 

2000–2007 mean were also determined (ΔSOSMODIS, ΔEOSMODIS). The mean yearly regional 

anomalies ( ) were finally computed to provide an indication of the mean 

interannual variability of the larch phenological cycle. To avoid errors due to the presence of 

different land cover types in the MODIS footprint this analysis was performed considering only 

pixels showing a fractional cover of larch >80%. 

The relationships between interannual variability of the larch phenological cycle and regional 

climate were then investigated by comparing the satellite-derived phenological anomalies with 

yearly air temperature anomalies in different periods of the year. Daily mean temperatures 

measured at 10 automatic meteorological stations of the Aosta Valley meteorological service 

providing complete records from 2000 to 2007 were used for the analysis. The stations are located 

in different areas of the region and span an elevation range between 594 and 2050 m asl. For each 

station and year, the anomaly of mean monthly temperatures and of their running averages with 

periods of 2, 3 and 4 months (e.g., Mean temperature of February, March and May) with respect to 

the corresponding 2000–2007 mean were computed. Yearly regional temperature anomalies ( , 

with m indicating the month or months considered) were then calculated as the mean of the 

anomalies observed at the 10 stations in the year considered. 

were then used as independent predictors in a stepwise multiple regression analysis exploiting 

and as the dependent variables. This allowed determination of the 

temperature anomalies best related to phenological anomalies in terms of R2 adjusted of the 

multiple regression. 
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Results 

Relationship between larch phenophases and NDVI metrics 

Results of the statistical analysis conducted to assess the suitability of the different NDVI metrics 

for estimating the different phenophases dates are given in Table 2. 

Table 2.   Results of the statistical comparison between MODIS NDVI metrics and phenophases 

dates  
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) 
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E 
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s) 

EF 

1. For each combination of metric and phenological phase, N is the number of observations 

available, r the correlation coefficient between field-observed and MODIS-estimated dates 

(with P indicating the statistical significance of the correlation), ME(± 1SD) the mean and 

standard deviation of the estimation error, MAE the mean absolute error of the estimates 

and EF the Modelling Efficiency of the metric. Best results obtained with each metric (in 

terms of MAE) are shown in bold. 
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As regards the spring season, results show that the NDVI metric S1 is reached before SOSOBS, as 

shown by the negative ME with respect to phase SP2 and by its higher accuracy in estimating 

phenophase SP1.5. The start of season at site level can instead be accurately determined using metric 

S2, as shown by the low ME (0.97 days), the relatively low MAE (6.39 days) and the high EF 

(0.72). This metric was therefore selected for regional mapping of the larch start of season. Metric 

S3, although frequently used in the literature for the estimation of start of season dates, is reached 13 

days after SOSOBS. This metric instead allows estimation with good accuracy of phase SP3, which is 

characterized by needle elongation up to 3 cm. Metric S4 shows good agreement with phase SP4, in 

which the needles are unfolded but not fully expanded, and thus precedes the onset of maximum 

leaf area, which is instead best predicted with the S5 metric. 

As regards autumn phenophases, the correlation coefficients, the EFs and the MAE between autumn 

NDVI metrics and field data are lower than those obtained in the spring season, mainly due to the 

lower variability of the senescence dates observed in the different test sites. NDVI metrics A1 and 

A2 strongly precede visible coloring of larch needles, as shown by the largely negative ME (−29.8 

and −35.5 days, respectively) with respect to phenophase AP1. The initial stage of needle coloring 

(yellow spot coloration−phenophase AP1) corresponds to the half peak of the NDVI curve (metric 

A3), while the complete yellowing of tree crowns (phenophase AP3), which corresponds to EOSOBS, 

can be best inferred using metric A4 (ME=2.3, MAE=4.2). This metric was therefore selected for 

regional mapping of the larch end of season. However, metric A4 shows its best performance in 

predicting phenological phase AP4, which corresponds to the transition from yellow to red 

(ME=−2.1, MAE=3.7). Finally, metric A5 is best related to the complete reddening of crowns, 

which occurs about 3 weeks after complete yellowing. 

Comparison between MODIS and phenological models estimates 

Figure 4 shows the comparison of SOSOBS and EOSOBS with the start and end of season dates 

estimated from MODIS and phenological models, for the years 2006 and 2007. 

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2486.2010.02189.x/full#f4


 

Figure 4.  Comparison of start (a) and end (b) of season dates estimated from MODIS (SOSMODIS, 

EOSMODIS) and from the SW (SOSSW) and GSI (SOSGSI, EOSGSI) models with field-observed dates 

(SOSOBS, EOSOBS). [Data highlighted by circles correspond to the 2007 SOSSW (left panel) and the 

2006 and 2007 EOSGSI (right panel) estimates, at the Etroubles site.] 

MODIS estimates of both start and end of season were more accurate than those obtained with 

phenological models, as shown by the lower MAE and higher EF values. SOSSW provided a very 

accurate estimation of the start of season date in most of the sites, but in 2007 it produced an 

underestimation of 42 days at the Etroubles site, which caused a great reduction of the overall 

accuracy (MAE=9.3). Besides its very high correlation with SOSOBS, SOSGSI was found to 

underestimate the larch start of season, leading to a MAE of about 9 days. Contrary to what 

obtained with the SW model, the accuracy of SOSGSI at the Etroubles site in 2007 was however 

similar to that of the other sites. GSI was also found to underestimate EOSOBS, particularly at the 

Etroubles site, leading to a MAE of almost 10 days. 

Spatial and interannual variability of start and end of season at regional level 

Figure 5 shows, as an example, the regional maps of SOSMODIS, EOSMODIS, GSLMODIS and of the 

corresponding anomalies with respect to the 2000–2007 mean, for the year 2003. The figure 

highlights the strong spatial variability of phenological dates across the study area, which is mainly 

related to altitudinal variations between the different larch stands and to their influence on air 

temperature (Migliavacca et al., 2008; Colombo et al., 2009). The effect of other primary 

topographic attributes (such as slope and aspect) on phenological development is instead difficult to 

ascertain, due to the confounding influence of cast shadows on radiation budget in morphologically 

complex areas. However, Colombo et al. (2009) recently showed that, at least at the higher 

elevations, the south-western and western slopes seem to show an advance in the start of the season 

with respect to the south-eastern and eastern ones. 
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Figure 5.  MODIS-derived regional maps of start and end of season and of growing season length 

(SOSMODIS, EOSMODIS, GSLMODIS) (a, c, e) and of their anomalies with respect to the 2000–2007 

mean (ΔSOSMODIS, ΔEOSMODIS and ΔGSLMODIS) (b, d, f) for year 2003. 

The regional means and standard deviations of SOSMODIS, EDSMODIS and of the corresponding 

anomalies in the 8 years analyzed are shown in Fig. 6. 
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Figure 6.  Mean regional values (± 1SD) of the larch start and end of season dates computed from 

MODIS data in 2000–2007 (SOSMODIS, EOSMODIS) (a, c) and of their anomalies with respect to the 

2000–2007 mean (ΔSOSMODIS, ΔEOSMODIS) (b, d). 

The interannual variations of highlight the strong variability of the larch start of season 

in the time period analyzed, showing an advance of the start of season of about 5 days in 2000, 

2003 and 2007, and a delay of more than a week in 2004 and 2006. The interannual variations of 

were instead weaker, with maximum anomalies of about 2 days. This suggests that the 

interannual variations of the larch GSL are mostly due to variations in start of season dates, as 

already found in previous studies conducted on several tree species (Worrall, 1993; Walkovszky, 

1998; Menzel, 2003; Menzel et al., 2006). 

Relationships between phenological and climate anomalies 

Results of the stepwise multiple linear regression analysis between and the yearly anomalies of 

SOSMODIS and EOSMODIS are shown in Table 3. 

Table 3.   Results of the stepwise multiple regression analysis between regional yearly anomalies of 

air temperature and regional yearly anomalies of MODIS start and end of season (

)  
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Dependent 

variable 
Predictors 

 

SE of the 

estimate 
P Regression model 

 P is the statistical significance of the regression. 

 * 

Anomaly of mean March, April and May air temperature. 

 † 

†Anomaly of mean September air temperature. 

 ‡ 

‡Anomaly of mean March, April, May and June air temperature. 

 

*
 

0.91 2.01 <0.01 
 

 

†, 

‡ 
0.90 0.61 <0.01 

 

was found to be strongly related to the anomalies of mean March, April and May air 

temperatures ( ). The regression equation indicates that the mean start of season of larch 

in the Aosta valley advances (or delays) by about 7 days for each degree of increase (or decrease) in 

air temperature in the late winter-spring period (Fig. 7). The inclusion of other independent 

variables in the regression model did not yield statistically significant improvements in the 

explained variance. 

 

Figure 7.  Regression model relating mean yearly regional anomalies of MODIS start of season (

) and mean yearly regional anomalies of March, April and May air temperature . 

Error bars represent standard errors of the means. 

was instead found to be best related to variations in mean September temperature (

), showing an increase in the mean end of season date of about 1 day per 1 °C increase 

in temperature. However, the inclusion of the February–May mean temperature anomaly as an 
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additional predictor in the regression model led to a statistically significant increase of of 0.13. 

This second predictor variable shows a negative partial correlation coefficient, suggesting that 

higher spring temperatures may advance the onset of leaf coloring. 

Discussion 

Monitoring the larch phenological cycle from MODIS data 

The comparison with field observations showed that MODIS 250 m–16 days data can be 

successfully used to monitor the phenological cycle of European larch. 

The start and end of season of larch correspond with good accuracy to NDVI metrics S2 and A4, and 

this is particularly relevant since these metrics have never been used in previous studies. The 

accuracy of our start of season estimates (MAE=6.39, ME=0.97) is comparable with that obtained 

in recent remote sensing studies. For example, Beck et al. (2007) found a RMSE of about 12 days 

(n=108, r=0.70) between observed start of season (50% of leaf buds open) of birch forests in 

Fennoscandia and dates estimated from MODIS 16 days data using metric S1. Soudani et al. (2008) 

found a MAE of about 3.5 days (n=102, ME=2.0, r=0.53) between observed start of season in 

deciduous forests (90% of the trees with open buds over at least 20% of the crown) and metric S3 

derived from MODIS daily NDVI. Delbart et al. (2006) compared the observed dates of leaf 

appearance of birch and larch in northern Eurasia with satellite estimates obtained applying a 

threshold method on both NOAA-AVHRR (MAE=6.25, n=81, r=0.56, ME=0.34) and SPOT-VGT 

data (MAE=5.5, n=21, r=0.69, ME=0.55). 

The accuracy obtained in estimating the larch end of season in this study (MAE=4.2, ME=2.3) is 

higher than that obtained in other remote sensing studies. For example, Karlsen et al. (2006) 

mapped the date corresponding to the shedding of 50% of birch leaves in Fennoscandia applying a 

threshold-based method on AVHRR data, with accuracies highly variable in the different sites 

analyzed (r between −0.22 and 0.97; ME variable between −1 and 26 days), while Beck et al. 

(2007) mapped the end of leaf fall of different tree species using MODIS NDVI with an estimated 

RMSE of about 8 days (n=25, r=0.66, ME not reported). As regards the other phenophases, the 

large difference observed between field-observed start of season and the half peak of the NDVI 

curve (metric S3) indicates that, although this metric may be useful for analyzing relative 

interannual variations of the phenological cycle, its use for direct start of season estimations could 

lead to large overestimation errors. This is in accordance with the results of Fisher & Mustard 

(2007), which showed that for an oak and maple forest MODIS NDVI reached its half peak about 

halfway between leaf bud-burst and the date at which half of the leaves had reached 75% of their 

final size. 

The initial decrease of the NDVI signal in the autumn season does not appear to be related to 

observable larch senescence processes. This may be due to the fact that the initial reduction of 

NDVI in our study area is probably caused by the yellowing of herbaceous understory vegetation, 

which generally precedes larch senescence. This may introduce uncertainties for the satellite 

monitoring of autumn phenophases in larch forests characterized by low fractional cover, where the 

variability of the satellite signal in the senescence phase is not dependant only on the coloring of 

larch needles. The effect of the understory on the satellite signal is instead less compelling in the 

spring season, since the understory begins its activity after larch bud-burst. The good accuracy of 

the end of season estimations obtained with metric A4 suggests however that, even in the presence 

of a disturbing understory interference, MODIS data allows to accurately monitor also the main 

autumn phenological phases of larch. 
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Satellite vs. phenological models estimates 

Results of this study indicate that the overall accuracy of phenological models in estimating the start 

and end of season dates of larch is lower than that obtained from MODIS data. 

Although the SW model outperformed MODIS in predicting the start of season in most of the sites, 

the strong underestimation observed at the Etroubles site in 2007 poses serious doubts about its 

suitability for larch phenology monitoring. The observed underestimation has probably two 

explanations. Firstly, data from this site were not used for model optimization due to unavailability 

of field data in year 2005 (Migliavacca et al., 2008). Since Etroubles is the monitoring site 

characterized by the lowest elevation (1350 m) and is an artificial plantation located almost outside 

the larch natural distribution elevation range, this may lead to application of the model outside of its 

proper validity range (defined by the characteristics of the sites used for optimization in terms of 

elevation, climate, etc.). The same consideration may also explain the strong error observed in the 

end of season estimates obtained with GSI at the Etroubles site. The SW underestimation may be 

also due to the considerably warmer late winter and early spring temperatures observed in 2007 

with respect to 2005 and 2006 (e.g., January mean temperature 6 °C higher in 2007). At low altitude 

sites, the SW baseline temperature was therefore exceeded even in the middle of winter, leading to a 

very early start of season estimation. 

On the basis of these observations, it can be argued that phenological models driven by air 

temperature only are unable to describe the processes governing larch phenology in anomalous 

climatic conditions. This consideration is also supported by the accuracy of the 2007 SOSGSI 

estimate at the Etroubles site, which is similar to that of the other sites. Even if high air 

temperatures are recorded in winter and early spring SOSGSI is not anticipated as much as it occurs 

to SOSSW, because GSI also accounts for photoperiod limitations in plant development. Although 

several studies suggest that photoperiod is not generally involved in spring development (e.g., 

Hunter & Lechowicz, 1992), in anomalous warm years it may act as a limiting factor which inhibits 

or postpones the exit from the dormant phase, and guarantees that the larch does not start its 

growing cycle too early, when extremely low temperatures may still occur (Linkosalo, 2000; 

Stöckli et al., 2008). 

These considerations have important implications for phenological monitoring at continental or 

global scale. Climate-driven phenological models need to be parameterized against local field 

observations and assume that the response of the analyzed species or vegetation type to climate 

variations is spatially constant. If this assumption does not hold, the accuracy of phenological dates 

estimated by these models can be expected to be spatially variable to a large extent, reflecting the 

variability in climate–phenology relationships (e.g., Richardson et al., 2006; Fisher et al., 2007). On 

the contrary, the accuracy of satellite estimates should be more spatially homogeneous. Remote 

sensing methods are in fact based on the direct observation of phenological events, and they do not 

require an a priori parameterization based on local observations. Moreover, these methods do not 

require the availability of accurate maps of the phenology drivers (e.g., air temperature, vapor 

pressure deficit), which are instead used by climate-driven models. This is particularly important for 

phenological monitoring in morphologically complex areas like the Alps, where the realization of 

meteorological maps with sufficient spatial resolution is very difficult. Besides the afore-mentioned 

advantages, remote sensing methods lack the predictive power of phenological models, and cannot 

therefore be used to estimate the effects that the expected future climatic variations will exert on 

terrestrial ecosystems. 
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Response of larch phenology to climate variability 

The strong response of MODIS-derived start of season at regional level to spring temperature 

variations highlights the great influence of climate on this phenological variable. The magnitude of 

the response identified in this study is in accordance with results of previous studies based instead 

on analysis of field data. For example, Chmielewski & Rötzer (2001) reported that bud-burst of 

different deciduous European tree species advances on the average of 7 days for a 1 °C increase in 

mean February-April temperatures. Walkovszky (1998) also reported that a 1 °C rise of mean early 

spring temperature causes a 7-day advanced flowering of Robinia pseudoacacia. Menzel (2003) 

found advances in leaf unfolding of different tree species in Germany between 2.5 and 4.7 days per 

1 °C increase in spring temperatures. 

As regards the end of season, positive anomalies of autumn temperatures were found to lead only to 

slight delays in the onset of leaf coloring. This is probably a consequence of the fact that leaf 

coloring is also strongly influenced by photoperiod, which in Alpine regions in autumn generally 

becomes limiting before air temperature (Migliavacca et al., 2008; Stöckli et al., 2008). Our results 

also suggest that a relatively earlier onset of needle coloring is observed after warm springs and 

summers. In years characterized by high spring temperatures, the lengthening of the growing season 

caused by the earlier start of season may be therefore partially contrasted by a concurring advance 

of the end of season. This confirms the results of other studies conducted both on larch (Worrall, 

1993) and other forest species (Menzel, 2003) and, according to Worrall (1993), it may be due to 

the acceleration of leaf aging processes caused by high temperatures. Considering the short time 

span of the available data set, additional research should however be undertaken to verify the 

significance of the effect of spring temperatures on larch senescence. 

Conclusions 

In this study, we investigated the relationships between the field-observed dynamics of the 

European larch phenological cycle and MODIS NDVI time series, and quantitatively assessed the 

response of the larch phenological cycle to climate variability in Alpine regions. 

Results showed that MODIS 250 m data can be effectively used for phenological monitoring in 

Alpine forests, where field phenological monitoring is seldom performed. In particular, the start and 

end of the larch growing season can be estimated with good accuracy from the computation of the 

roots of the third derivative of logistic curves fitted to MODIS NDVI time series. We believe that 

the achieved accuracy can allow the use of satellite data for analyzing the spatial and interannual 

variability of larch phenology in rugged mountainous terrain. 

Comparison with field observations also suggested that the estimation of spatial and interannual 

variations of the main phenological dates of larch achieved by satellite monitoring is more accurate 

than that obtained by climate-driven phenological models, which may suffer from the assumption of 

spatially invariant climate/phenology relationships and from an incomplete description of the 

processes. Finally, the interannual variability of phenology as seen from MODIS data was found to 

be closely linked to regional climatic variability. This demonstrates that a combined analysis of 

satellite images and local meteorological measurements may allow quantifying the response of the 

phenological cycle of forest ecosystems to climatic variability in Alpine regions. 
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