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Uttara Kannada district has diverse forest types ranging 
from tropical evergreen to dry deciduous. This study 
used remote sensing-based NDVI time-series data 
from 1999 to 2007 to create the phenological curves 
and maps for every season and each phenological  
parameter was created using TIMESAT program. It 
was observed that evergreen forest sites are always 
followed by deciduous forest sites in all phenological 
events. The season starts by August and ends by June 
the following year in evergreen forests. In deciduous 
forests, the season starts by May and ends by March 
the following year. Evergreen forests have longer sea-
son than deciduous forests. Maximum temperature 
and rainfall have negative (r = –0.785) and positive 
(r = 0.502) correlation respectively with start of the 
season. However, maximum temperature has high 
positive correlation (r = 0.942) with leaf senescence. 
This article indicates that more studies on the pheno-
logy of natural vegetation will help to understand  
the responses of plants towards the changes in the  
climatic condition. 
 
Keywords: Climatic factors, forest phenology, remote 
sensing, time-series data. 
 
PHENOLOGY is the study of biological phenomena (e.g. 
leaf bud burst, flowering, leaf fall, etc.) that are con-
trolled by environmental and climatic factors, and there-
fore considered as a sensitive biosphere indicator of 
climate change1. For plants, this means a study of mor-
phological and reproductive phases that they pass through, 
such as bud bursting, leaf expansion, onset of flowering, 
fruiting, leaf colouring and leaf fall. Vegetation growth is 
influenced by climate. Phenological analysis of forest 
provides a potential tool to address critical questions  
related to modelling and monitoring of climate change. 
The effects of climate change are of immense signifi-
cance on plant phenology. Vegetative phenology provides 
quantitatively detailed information on seasonality and  
cycle of leaf functioning and is vital for understanding 
the interactions between the biosphere and the climate2. 

 Understanding and predicting changes in phenology is 
necessary to infer the response of plants towards climatic 
variation. Meteorological and other parameters such as 
temperature, rainfall, day-length, relative humidity and 
soil moisture regulate the vegetative phenology. How-
ever, the control of climatic factors on plant phenology in 
tropical trees is not well understood3. The prediction of 
vegetation phenological variables such as start of foliage 
season (SFS), maximum of foliage season (MFS), opti-
mal foliage/leaf senescence (OFS), end of foliage season 
(EFS), and length of foliage season (LFS) provides the 
information needed for the study of the effects of climate 
change on forest phenology. These phenological variables 
are measured from ground and extracted from remotely 
sensed data. Ground-measured phenological variables 
provide species-specific information with high temporal 
resolution, but lack a spatial component. In contrast, tem-
porally frequent remotely sensed data provide a unique 
opportunity to estimate phenological variables at a range 
of scales from local to global. In addition, phenological 
variables extracted from remotely sensed data have the 
potential to characterize seasonal variation in the re-
sponse of ecosystems to changes in climatic variables. In 
remote sensing studies of vegetation, various vegetation 
indices have been developed. However, the Normalized 
Difference Vegetation Index (NDVI) is the most popular 
and frequently used among them. NDVI, which is a nor-
malized ratio of red and near infrared (NIR) spectral re-
flectance (NDVI = (NIR – RED)/(NIR + RED)), is deter-
mined by the degree of absorption by chlorophyll in red 
wavelengths, which is proportional to leaf chlorophyll 
concentration and by the reflectance of NIR radiation, 
which is proportional to green leaf density4. Remote sens-
ing-based NDVI time series – SPOT-VGT, MODIS, 
AVHRR and MERIS – have been used by many research-
ers for leaf phenological research. Phenological pattern 
studies and foliage activity monitoring through NDVI 
help in understanding the dynamics of vegetation with 
regard to climate change impact, carbon sequestering and 
earth–atmosphere energy interaction5. 
 In this study we focus on the leaf phenological parame-
ters such as onset of season, maximum greenness, maxi-
mum leaf abscission, end of season and length of season. 
Deriving phenological parameters involves data smooth-
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ening, filtering and curve fitting with fine-tuning of  
parameters using ground-based observations. The ground-
based phenological observations in India are well studied. 
However, the remote sensing-based phenological dyna-
mics as well as the techniques of parameter retrieval are 
not well established. Therefore, the present study was 
made to understand the technique of retrieval of parame-
ters, its validation and role of climatic variables on the 
phenological changes. 
 The objectives of the present study are: (i) retrieval of 
foliar phenological parameters using NDVI time-series 
data, (ii) preparation of phenological maps and (iii) estab-
lishing the relationship of climatic factors with plant 
phenology. 

Materials and method 

Study area 

The district of Uttara Kannada (13°55′–15°31′Ν lat; 
74°9′–75°10′E long.), comprising an area of 10,200 km2, 
lies on the west coast of India (Figure 1) and was selected 
for this study because of the availability of published 
ground records on the leaf phenology of two forest 
types6. The hill range of the Western Ghats runs parallel 
to the coast, rising to a little over 1000 m amsl. Maxi-
mum temperature ranges from 28.2°C to 33.7°C and the 
minimum temperature recorded varies from 19°C to 
27°C. The mean temperature of this district lies between 
25.4°C and 30°C. Annual total rainfall recorded in the 
district is 322 cm. Maximum rainfall is received in the 
month of July. Monsoon extends from June till Septem-
ber. Monsoon months experience less maximum tempera-
ture because of incessant rainfall. The natural forests are 
of evergreen/semi-evergreen type along the slopes, and 
secondary/moist deciduous towards the east of the ridge. 
Based on the annual rainfall and vegetation types, for this 
study the district was broadly divided into evergreen/semi 
evergreen zone and secondary/moist deciduous zone 
(Figure 1, Table 1). Remote sensing data and GIS tech-
niques are good potential sources to study the Indian 
tropical forest resource assessment and monitoring7 and 
also to address the management concerns of the forest 
canopy cover8. Uttara Kannada district forest maps and 
Forest Resources Information System (FORIS) were also 
developed using various thematic layers by remote sens-
ing and GIS techniques9. 

Data used 

In this study, SPOT-VGT NDVI product of 9 years 
(1999–2007), 10-day composite with 1 km × 1 km spatial 
resolution has been used. The climatic data such as 
maximum temperature, minimum temperature, mean 
temperature and rainfall were obtained from India Meteo-

rological Department (IMD) in the form of 1° × 1° grid-
ded spatial images10,11. However, the rainfall data are 
available only for 2007; and the temperature data are 
available only till 2005 (Table 2). 

Data filtering and curve fitting 

The published phenological records by Bhat6 (based on 
work carried out during 1983–1985) were used as a surro-
gate for ground-based information. The sampling loca-
tions (Figure 1 and Table 1) as marked by Bhat6 were 
registered and digitized for setting the parameters and 
validation of the results. SPOT-VGT NDVI product of 9 
years (1999–2007) amounting to 324 bands (36 bands/ 
year) was loaded in TIMESAT ver. 3.02 (ref. 12). The 
TIMESAT program was used to get the NDVI profile of 
all sampling locations. TIMESAT implements three proc-
essing methods based on least-squares fit to the upper en-
velope of the NDVI data. The first method uses local 
polynomial functions in the fitting, and it can classified 
as an adaptive Savitzky–Golay filter. The other two 
methods which are not considered in this study are ordi-
nary least-squares methods, where data are fit to model 
functions of different complexity. All three processing 
methods use a preliminary definition of the seasonality 
 
 

 
 

Figure 1. Map of Uttara Kannada district showing the broad vegeta-
tion types and location of sites. 
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Table 1. Some important characteristics of the study sites from two different vegetation zones in Uttara Kannada district 

Species type Evergreen/semi-evergreen Secondary/moist deciduous 
 
Location  Chandavar Mirzan Nagur Santgal Bhairumbe Bengle-Sugavi Bidralli Sonda 
 

Population density 485 280 1536 888 338 388 279 585 
 (no. of trees/ha) 
Evergreen (%)  50  37  66  76  26  18  24  47 
Deciduous (%)  50  63  34  24  74  82  76  53 
Level of biotic disturbance High Very high Moderate Low High High High Moderate 

 
Table 2. Data used 

Period Parameter Source Resolution 
 

January 1999–December 2007 NDVI SPOT-VGT 1 km/10 days composite 
30 years normal data District climate normal NCC, IMD, Pune District level/(1971–2000) 
1999–2005 Max T, Min T and Mean T NCC, IMD, Pune 1°/daily 
1999–2007 Rainfall NCC, IMD, Pune 1°/daily 

 
 
(uni-modal or bi-modal) along with approximate timings 
of the growing seasons. The seasonality in the program is 
determined using data values (ti, Ii), i = 1, 2, …, N for 
three years by fitting a model function 
 
 f (t) = c1 + c2sin(ω t) + c3cos(ω t) + c4sin(2ω t) 

     + c4cos(2ω t), 
 
where ω = 6π /N. 
 The first three basis functions determine base level and 
interannual trend, whereas the three pairs of sine and  
cosine functions correspond to one, two and three annual 
vegetational seasons respectively. The fitting procedure 
always gives three primary maxima. In addition, secon-
dary and tertiary maxima may be found. If the amplitude 
of the secondary maxima exceeds a certain fraction of the 
amplitude of the primary maxima, we have two annual 
seasons. For cases where the amplitude of the secondary 
maxima is low, the number of annual seasons is set to 
one. For cases in which the amplitude of the secondary 
maxima is comparatively large, the number of annual 
seasons is set to two. 
 The pre-processing to remove the spikes and outliers 
was carried out by applying a median filter. Further, 
adaptive Savitzky–Golay filtering and curve fitting were 
used to deduce the phenological parameters. This method 
fits a quadratic polynomial f (t) = c1 + c2t + c3t2 for each 
data value yi, i = 1, 2, … , N, to all 2n + 1 points in the 
moving window and replaces the value yi with the value 
of the polynomial at position ti in the following equation 
 

 .
n

j i j
j n

c y +
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To account for the negatively biased noise, the fitting is 
done in multiple steps. 

 The result is a smoothed curve adapted to the upper 
envelope of the values in the time series. The width n (i.e. 
window size) of the moving window determines the  
degree of smoothing, but it also affects the ability to fol-
low a rapid change. In TIMESAT, the width n can be set 
by the user because sometimes it is necessary to locally 
tighten the window. The adaption strength value (i.e. 
weights) can be provided in TIMESAT for setting the  
upper envelope. The phenological parameters (dates  
determined by the curve fitting) are not affected by these 
weights; however, the absolute NDVI value increases. To 
arrive at the window size for curve filtering, the number 
of envelope iterations and adaption strength value, a set 
of experiments was carried out based on the known 
phenological parameters of the sampling locations (two 
locations in tropical evergreen and two in tropical decidu-
ous) in the study area. The other two locations in each  
forest category were used for validation of the results. 

Extracting phenological parameters 

Seasonal data were extracted for each location. From the 
nine years data, eight seasons (n – 1) were extracted. The 
start and end of foliage season can be set from 0 to 1. By 
trial and error method we arrived at the value of 0.1, i.e. 
10% of the distance from the left and right minimum val-
ues from the maximum value of the curve. Peak of the 
curve (100%) has been considered as maximum green-
ness of that season. Maximum leaf-fall rate was set to 
0.5, i.e. 50% (inflection point) between the peak value 
and right side maximum value (Figure 2). Jönsson and 
Eklundh13 had also set the start and end of the season to 
10% while studying South African phenology. Tuanmu14 
used 20% as start and end of foliage season to extract  
the phenological metrics in his studies. From the curve  
fitting, the seasonality parameters were extracted and the 
composite dates were converted into normal dates. 
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Extracting images of seasonality parameters 

To generate images of seasonality parameters, e.g. SFS, a 
time window containing the season was defined. For each 
pixel the seasonality is established. The season falling in 
the time window is the desired one and the seasonality 
parameter is extracted for this season and written to an 
image file. The user is advised to make the time window 
large enough to allow for a certain variation in the start 
and end of the season over the processed area. The  
extraction of images is done using TSF_seas2img, a 
FORTRAN program which is an in-build algorithm pro-
vided in TIMESAT. The timings of seasons do not  
normally follow the calendar year. For example, a vegeta-
tion season may start in August, peak in December, and 
fall-off in April the following year. Therefore, the time 
window selection was carried out accordingly. 

Impact of climatic variables on plant phenology 

For the study of relationship between the phenological 
parameters and climatic factors, deciduous forest site  
was taken for analysis. The pure pixels of Uttara Kannada 
deciduous forest were selected using Global Land Cover 
map (GLC2000)15 for the zonal statistical analysis. The 
mean phenological value for SFS and OFS was derived 
from the zonal analysis. Temperature and rainfall data of 
14 days before from the mean date of SFS and OFS were 
extracted from the meteorological data. Seven-days  
moving average was calculated for each meteorological 
parameter. 

Results and discussion 

Phenological parameters 

Phenological parameters such as start of the season, 
maximum greenness, peak leaf fall, end of the season and 
 

 
 

Figure 2. Basic phenological parameters: (a) start of foliage season 
(left 10%), (b) end of foliage season (right 10%), (c) Stability of green-
ness (left 50% level), (d) Stability of leaf fall or optimal foliage senes-
cence (right 50% level), (e) peak, (f) amplitude and (g) length of 
foliage season. 

length of the season were extracted from SPOT-VGT 
NDVI multi-temporal data using TIMESAT. The number 
of annual seasons (n–1, i.e. eight seasons) was resolved 
using SPOT-VGT NDVI data for nine years. Window 
size for curve fitting was determined as 17. Number of 
envelope iterations was set to three and the adaption 
strength was set at five. The seasonality was found dis-
tinctly unimodal in nature for both categories of forest. 
The phenological curves were prepared for each sampling 
location (Figure 3). 

Evergreen/semi-evergreen forests 

Nagur and Santgal have greater percentage of evergreen 
vegetation with low anthropogenic pressure; therefore, 
the NDVI value remains stable at the higher side through-
out (≈ 75% of the total length of) the season. However, 
there was a distinct increase in NDVI during August (on-
set of greenness, i.e. start of the season), a peak during 
January and a decline which reaches a maximum by May 
the following year (peak leaf fall). The season ends in 
June. The NDVI increase can be attributed to the pheno-
menon of leaf flushing. Normally, the leaf initiation  
occurs in pre-monsoon dry period when the day length 
and temperature increase rapidly. This process ensures 
that young, photosynthetically competent leaves are in 
place when the monsoon rains begin. However, the satel-
lite-based sensors are not able to detect the greenness at 
this stage, because NDVI varies with leaf area index and 
the concentration of chlorophyll, which is not sufficient 
enough to be detected. Moreover, cloud contamination 
during monsoon also plays spoilsport during start of the 
season. 
 May is the transition period when the NDVI values  
decrease up to a certain limit and then start increasing 
slowly. In fact, in evergreen forests there is no distinct 
leafless period because of the phenomenon of ‘leaf  
exchange’, i.e. shedding of old leaves (during early dry 
season) is accompanied or immediately followed by bud 
burst and expansion of new leaves. 
 In contrast to Nagur and Santgal, the other two loca-
tions, i.e. Mirzan and Chandavar are semi-evergreen in 
nature with more anthropogenic disturbances. The NDVI 
value does not remain stable due to semi-evergreen  
nature of the forest, with overstorey deciduous trees and 
understorey evergreen vegetation. However, there was a 
sharp increase in NDVI during June (onset of greenness, 
i.e. start of the season), a peak during November and a 
decline which reaches a maxima by February the next 
year followed by end of the season during April. The 
probable reason for the prolonged leaf fall season (two 
months compared to one month in the case of Nagur and 
Santgal) was the exposure of understorey evergreen vege-
tation during the overstorey deciduous vegetation leaf 
fall. 
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Figure 3. Phenological parameters retrieved from Savitzky–Golay curve fitting. Blue lines are NDVI temporal curve and orange lines are 
fitted curve. 

 
Secondary/moist deciduous forests 

The moist deciduous vegetation in Bhairumbe, Bengle-
Sugavi and Bidralli exhibits a sharp increase in NDVI 
values from May, a peak during November and a decline 
which reaches a maxima by January the following year. 

The season ends in March. However, in Sonda the per-
centage of trees having evergreen characteristics is high 
(Table 1). Therefore, slightly different seasonality is  
observed here. Sonda witnesses as start of the season in 
June followed by peak in January. The peak leaf fall dur-
ing March and end of season generally occur in April.
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Figure 4. Spatial phenological calendar maps of Uttara Kannada district forest for the eight seasons (1999–2007). 
 
 

As far as end of season is concerned, most of the years 
exhibit different dates due to different temperature condi-
tions. However, these forests are found in the rainshadow  
regions and their phenology is also limited by the avail-
ability of rainfall. In the dry season, these species are 
found shedding their leaves to avoid water loss through 
evapotranspiration16. 

Spatial phenological calendar maps 

Spatial phenological calendar maps of Uttara Kannada 
district (Figure 4) were prepared for each parameter and 
every year, and non-forest area was masked out from the 
spatial phenological maps using the Forest Survey of  
India (FSI) data17. 
 The start of the season of Uttara Kannada district  
was observed between May and September. However, the 
early start of the season was detected during May in the 

eastern part of the district, which is largely deciduous 
forest type. Majority of the central and northwestern parts 
of the district exhibited a start of greenness between July 
and September. The land cover in these areas is dominated 
by evergreen and semi-evergreen forest. The onset dates 
for evergreen forest type were delayed compared to the 
deciduous forest type. As the altitude increases, the onset 
dates also lengthened. Delay of 4 weeks for start of leaf 
flushing for an evergreen species at higher altitude com-
pared to lower attitude was reported by Shukla and 
Ramakrishnan18. 
 Forest greenness in Uttara Kannada district reached its 
peak between October and February. In all phenological 
parameters deciduous forest type showed early dates than 
evergreen forests. Thereafter, the greenness started to  
decline. Maximum rate of leaf fall was observed between 
January and May. Deciduous forest type exhibited early 
maximum senescence during January and February. Dry 

(Contd…) 
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weather condition with low minimum temperature and 
less day length enhanced the high rate of leaf fall. The 
season ended between February and July. It was also  
observed that, when moving from east to west along the 
district, the end of senescence was delayed. Moreover, 
for the area where there was an early onset of greenness, 
the end of senescence was also detected earlier. The 
length of the season (growing period envelope) of this 
area extended from 180 to 360 days. However, the histo-
gram of the growing period shows mean growing period 
from 240 to 300 days. However, deciduous forest has less 
growing period than that of evergreen forest. 

Relationship between plant phenology and climatic  
factors 

The 7-day moving average of each climatic factor was 
correlated with the mean phenological dates of SFS and 
OFS, and it was found that the eight days lag of tempera-
ture (r = –0.785) and 13 days lag of rainfall (r = 0.502) 
from mean SFS have a significant correlation. But in case 
of OFS, four days lag from the mean OFS had high corre-
lation (r = 0.9418). However, OFS did not have any cor-
relation with rainfall, as there was no rainfall observed 
during the senescence period. All the data from eight sea-
sons were pooled together for regression analysis. The 
stepwise linear regression analysis was done with the 
phenological dates of SFS and OFS against the climatic 
parameters. The regression equations for SFS and OFS 
are given below. 
 

 SFS = 177.485 + 10.753 × Min T 
    – 9.101 × Max T + 0.261 × rainfall, 
 

 OFS = –366.143 + 12.271 × Max T. 
 

Minimum temperature and rainfall have positive relation-
ship; and maximum temperature has a negative relation-
ship with the initiation dates of SFS. Also, increasing 
maximum temperature pre-matures the peak senescence. 

Conclusion 

This article retrieves the phenological parameters and 
spatial calendar maps for Uttara Kannada forest phenology 
from the SPOT-NDVI time-series data using TIMESAT 
program – Savitzky–Golay fitting method. Evergreen and 
deciduous forest species are observed with distinguishable 
phenological pattern. It was found that onset of greenness 
is early in case of deciduous forests, followed by ever-
green forest. Also, length of the growing season of ever-
green forest is higher than that of deciduous forest. 
Meteorological parameters play a crucial role in the 
phenology of forest trees, especially maximum tempera-
ture and rainfall. The extracted phenological variables 
from this study can be used as an important input to  
study of the impact of climate change on natural vegeta-

tion. This contemporary technology has enabled us to 
conduct a spatial and temporal study over a large area and 
suggests that more studies on the phenology of natural 
vegetation can help us understand the responses of plants 
towards the changes in the climatic condition. 
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