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Abstract
The onset of the phenological phases, such as budburst, leaf development, flowering, fruiting, and leaf senescence,
is evoked by the genetically determined internal periodicity of vegetation and significantly affected by climate conditions.
Therefore, the timing of the onset of phenological phases is considered as a good indicator of climate change impacts.
The phenological phases of ecosystems can be observed from satellites using the change in spectral radiance that is
mainly driven by leaf optical properties, leaf arrangement and total leaf area in canopy.
In this study we used Normalized Difference Vegetation Index (NDVI) as an indicator of beech forests (Fagus
sylvatica L.) seasonal dynamics in five test sites in Slovakia. During one growing season we analysed the phenological
phases at each test site using three different approaches: i) in situ phenological observations, ii) digital hemispherical
images taken to characterize the changes in the leaf area index (LAI) and in the plant area index (PAI), iii) NDVI
calculated from space-borne MODIS sensor data. The estimates of LAI and PAI directly depend on the precision of
canopy gap fraction (transmittance) estimates derived from the hemispherical images. Hence, we tested pixel classification
based on the subjective decision of an operator and a recently proposed linear conversion of camera raw data (LinearRatio)
which has been shown to produce comparable results to commonly used plant canopy analyzers.
The results showed that NDVI values reacted sensitively to the changes of vegetative phenological phases. The
most rapid increase of NDVI was recorded during the leaf unfolding phenophase. After reaching its maximum, the NDVI
values in all test sites started to decrease slowly during the summer. This was followed by the rapid decrease during leaf
senescence in the autumn. The main changes in NDVI were well explained by the changes in LAI; however, the impact
of LAI estimation method was significant. The canopy transmittance calculated from subjectively classified hemispherical
images started to increase already in May, whereas the LinearRatio-based gap fraction continued to decrease until the
end of July, which was in concordance with the observation performed in situ. The LAI estimates using canopy gap
fraction from LinearRatio procedure did not indicate the saturating relationship with NDVI at high LAI values (LAI >
3) as reported by many authors. According to our results, MODIS NDVI can be used to observe phenological phases in
mature beech forests. For the calculation of transmittance, which is required to estimate leaf area index from hemispherical
images, we recommend using LinearRatio based methods.
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Introduction
The changes in the onset of phenological phases recorded in long-term observations are considered
as a suitable indicator of climate change (Menzel 2002,
Chmielewsky and Rötzer 2001). Changes in the timing
of plant developmental phases those are caused by
the current (anthropogenic) global climate change can
significantly affect ecosystem productivity, competition between plant species, and interaction with heterotrophic organisms (Badeck et al. 2004). Phenological phases such as leaf onset, flowering, fruiting and
leaf senescence have been visually observed and
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documented for a long time (Sparks and Carey 1995,
Menzel 2000, Èufar et al. 2012). During the recent decades new methods have been developed those use
satellite remote sensing data, conventional digital
photos or hemispherical digital photographs for phenological observations (Zhang et al. 2003, Fisher and
Mustard 2007, Ganguly et al. 2010, Jönsson et al. 2010,
Guyon et al. 2011).
Spectral properties of plant canopies are determined mainly by photosynthesis, canopy structure and
visible background (Liang 2004, Kuusk and Nilson
2000). Modern sensors are capable of recording spectral radiance in narrow spectral bands (wavelength
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intervals) and can provide high resolution spectral
signatures for plant canopies. In remote sensing, there
are some simple spectral indices that have been used
for monitoring green plant communities. Tucker (1979)
showed that radiance in the red and near-infrared spectral region can be combined into a multispectral index,
which has strong relationship with the amount of the
photosynthetically active green biomass  usually
leaves or needles, in plant canopies. Since then, the
Normalized Difference Vegetation Index (NDVI) has
been widely used in many remote sensing applications
including phenology studies (Beck et al. 2006, Soudani et al. 2008, Narasihman and Stow 2010, Jeong et
al. 2011, Brandýsová and Bucha 2012). New modifications of the NDVI are EVI  Enhanced Vegetation Index (Zhang et al. 2003, Ganguly et al. 2010), PVI 
Perpendicular Vegetation Index (Guyon et al. 2011) and
WDRVI  Wide Dynamic Range Vegetation Index
(Jönsson et al. 2010). However, the new versions of
NDVI include additional spectral bands and may also
require additional parameter values to be estimated by
the user. This is a major drawback when are multispectral indices that assessing small patches in landscape
because the spatial resolution of the additional bands
is usually lower. For example, the EVI index includes
blue spectral channel, which has much coarser spatial resolution in the widely used global monitoring
space-borne MODIS data (Heinsch et al. 2003).
Several types of phenology metrics can be derived from remote sensing data. Numerically the value of such a metric gives usually day of the year of
the occurrence of the phenomena. Liang et al. (2011)
used NDVI time series curvature change K published
by Zhang et al. (2003) to identify green-up, maturity,
senescence and dormancy. TIMESAT software (Jönsson and Eklundh, 2002, 2004; Eklundh and Jönsson,
2011) allows to calculate the start of season and end
of season. Lange and Doktor (2013) have released
phenex package for R statistical software to calculate
green-up, season maximum and senescence.
The foliage of plants is the most changing structural element of forests during growing period. To
assess the amount of leaves, Watson (1947) defined
dimensionless leaf area index (LAI) as the total onesided area of photosynthetic tissue of flat leaves per
unit ground area. LAI is a key structural characteristic of forest ecosystems because of the role of green
leaves in controlling many biological and physical
processes in plant canopies. A comprehensive overview about LAI measurement and estimation methods
is given by Jonckheere et al. (2004). One of the popular LAI estimation methods is based on the hemispherical images. First, the amount of open sky has
to be estimated. Then, LAI can be calculated from the
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angular distribution of canopy transparency (gap fraction). Since the era of the photographic film, a method called thresholding (binary classification) has been
used to separate sky and plant pixels. However, the
selection of optimal threshold between sky and forest canopy has remained a challenge without a final
solution for over decades in a human operator based
methods or automated algorithms (Jonckheere et al.
2005). There is a wide variety of different well-known
automatic and operator-dependent thresholding techniques and software for canopy analyses: WinSCANOPY (Regent Instruments Inc. © 2013), SOLARCALC
(Chazdon and Field 1987), Winphot (Ter Steege 1997),
CIMES (Walter 2009), CanEye (Baret and Weiss 2010).
As a new approach, Cescatti (2007) showed how to
use modern digital cameras similarly to plant canopy
analyzers and proposed LinearRatio method. The correct transmittance measurement is just the first step:
sophisticated models and auxiliary data about canopy structure are needed to obtain the true green leaf
area index for a forest (Nilson and Kuusk 2004). However, most of the hemispherical image processing software packages calculate plant area index (PAI) instead
of LAI. In addition, digital hemispherical photography
poses specific problems when deriving LAI over sloping terrain (España et al. 2008).
In this study, we focused on the applicability of
NDVI derived from 250 m resolution space-borne
MODIS images to observe phenology-driven seasonal changes, in five mature beech forests located near
Zvolen, Slovakia. We calculated the seasonal NDVI
course using the MODIS red and near infrared spectral bands performed in situ phenology observations
and took below-canopy upward looking hemispherical
images. The true green LAI (LAILR ) was obtained from
the inversion of the model published by Nilson and
Kuusk (2004) that used canopy transmittance based
on LinearRatio method. The CanEye program was used
to calculate the effective plant area index (PAI CE). We
assumed that both canopy LAILR and PAI CE have similar relationship with NDVI and that there are no differences in their seasonal courses. We analysed the
occurrence of the observed phenophases in relation
to NDVI and LAI estimations. For each stand we calculated phenology metrics based on NDVI time series
by using K, TIMESAT and phenex. The metrics were
assessed by using in situ observations.

Material and Methods
Study sites
The study sites were located on the territory of
the University Forest Enterprise belonging to the
Technical University in Zvolen, situated in central
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Slovakia at localities of Turova (48°38N; 19°03E) and
Bukovina (48°34N; 19°02E).
The forest management plan database and Landsat TM images based on tree species composition map
of the Slovak forests (Bucha 1999) were used to select the test stands. The area of one forest unit in
Slovak forests is usually 1520 hectares and contains
2 or 3 MODIS pixels. However the species composition from the forest management plan represents whole
forest unit and does not include the information of
spatial distribution of tree species in the unit, the
Landsat TM 30 m data were used to identify the parts
of forest unit, where the beech is most dominant tree
species. The species composition map was aggregated from 30 m to 250 m pixels corresponding to MODIS
red and near-infrared images. The 250 m pixels with
more than 60 % of beech were classified as a beech
class. The pixels on the boundary between beech forests and other land cover classes or forest types were
excluded due to possible spectral contamination. This
follows from the shape of the instrument point spread
function and positional accuracy of the MODIS image
localization, which is ~ 50 m at nadir (Wolfe et al. 2002).
We selected pixels in five relatively homogenous forest units (stands) dominated by Fagus sylvatica and
with minimal presence of conifers. The stands were
sufficiently large regarding the 250 m (6.25 ha) spatial
resolution of the MODIS images (Justice et al. 2002).
The vertical structure of the stands was differentiated containing rich undergrowth layer of Fagus sylvatica with the admixture of Carpinus betulus (L.). The
basic characteristics of the test stands are given in
Table 1.

Table 1. The basic characteristics of forest test stands

Calculation of the seasonal NDVI from the
MODIS data
Daily red and near-infrared spectral images from
the Moderate Resolution Imaging Spectroradiometer
(MODIS) onboard Terra and Aqua satellites were used
to calculate the seasonal course of NDVI for each test
stand. For our purpose, the suitable product was
MOD09GQ, a daily surface reflectance. The MOD09GQ
contains red spectral band (RED 620670 nm) and near
infrared spectral band (NIR 841876 nm) with 250 m
spatial resolution. The NDVI product from MODIS data
processing system was not used, since it represents
an average NDVI for the 16 day period, which is not
suitable to detect fine changes in phenology. We also
disregarded EVI index because it includes the blue
band of coarser spatial resolution (500 m). The MODIS
images were projected into the Slovak civil coordinate
system (S-JTSK). We also downloaded the quality
control data (MOD09GA) to check the recorded reflectance at pixel level in each individual image for possible clouds, fogs aerosols etc. according to the flags
in the quality control data (Vermote et al. 2011). The
image pixels, which did not match the quality criteria
in the quality analysis, were eliminated from further
analyses.
Based on the MOD09GQ product we calculated
NDVI, which is considered as a biophysical indicator
of the phenological phases
NIR – RED
NDVI = NIR + RED

(1)

Stand

509

514

531

541

619

Altitude (m a.s.l.)
Slope (°)

447
14

560
22

591
22

602
22

532
17

W
FS 80
QP 10
AA 10
FS 95
CB 5
0.8

W
FS 85
QP 10
AA 5
FS 80
CB 20
0.8

E

N

FS 100

FS 80
QP 20

Stocking level

W
FS 90
QP 5
PS 5
FS 90
CB 10
0.9

0.9

FS 95
CB 5
0.9

Canopy cover

0.9

0.9

0.9

0.9

0.9

Age (years)

58

103

73

83

68

Canopy trunk diameter (cm)

21

34

22

30

24

Undergro wth trunk diameter (cm)

8

11

9

13

10

Canopy height (m)

19

25

22

28

25

Undergro wth height (m)

12

12

10

12

13

Aspect
Species composition of canopy (%)
Species composition of undergrowth (%)

2

Number of canopy trees (trees / m )

2

Number of undergrowth trees (trees / m )

FS 100

0.076

0.045

0.076

0.038

0.045

0.102

0.054

0.080

0.041

0.032

FS is Fagus sylvatica L., QP is Quercus petrea L., PS is Pinus sylvestris L., CB is Carpinus betulus L., AA is Abies alba L.
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For each stand we obtained 58 NDVI values for
the vegetation period of the year of 2011. In case of
the missing NDVI values on the dates corresponding
to in situ phenological observations, the value of
NDVI was interpolated from the nearest previous and
the next day with the NDVI value.
Hemispherical images
The hemispherical images were taken to measure
the angular distribution of the canopy gap fraction and
to estimate the leaf area index and plant area index. In
each stand a regular sampling grid of nine marked
sampling points was established. The distance between
two neighbouring points was 50 meters (Figure 1).
Seven measurements were carried out at each point
during the growing season of 2011: 34 May (further
in the text referred as day of year: DOY 123), 1213
May (DOY 133), 19 June (DOY 170), 1011 August (DOY
222), 2829 September (DOY 272), 1718 October (DOY
290), and 1521 November (DOY 319). One hemispherical image was acquired at one meter height from the
ground on each selected day of year. After the measurement of the nine points, dark image frames with the
lens cover on were also taken. The final dataset contained 315 hemispherical images of the forest canopy
that were collected during the vegetation period from
May to November. Due to the technical reasons the
imaging was not possible before May.

Figure 1. Sampling grid
established in each of
five beech stands. ¾ 
sampling point for taking
hemispherical image

The first four measurements were carried out with
a Nikon camera and after it had broken down, a Canon camera was used for the next three measurements
(Table 2). The images were taken under the conditions
with close to diffuse skylight  during sunrise and
sunset, or during cloudy and partially cloudy days.
The cameras were operated in the standard pre-programmed mode (P-mode), which adjusts the aperture
and the shutter speed automatically. These cameras
were set to store image data in the raw format (no
processing in camera). This retained the linear relationship between the incident light and pixel values, and
2014, Vol. 20, No. 2 (39)
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the data corresponded to the plant canopy analyzer
LAI-2000 measurements as proven by Cescatti (2007).
Table 2. The settings of the hemispherical cameras
Cam era type

Nik on Coolpix E5400

Canon EOS 450D

Used on DOY

272, 290, 319
P is P rogrammable automatic
program
Adjusted by camera

Aperture

123, 133, 170, 222
P - P rogrammable automatic
program
Adjusted by camera

Shutter speed

Adjusted by camera

Adjusted by camera

Lens

Fisheye conv erter FC-E9

Sigma 4.5mm F2.8 EX DC HSM

Im aging mode

Sensor size

2592 × 1944

5184 × 3456

IS O

100

200

Metering mode

Centre weighted average

Spot

The radiance data were extracted from the raw file
of the hemispherical camera with dcraw (Coffin 2011)
free utility and dark image frames were subtracted. Only
the pixels with the original blue filter according to the
camera sensor filter pattern were used in the further
analysis.
Two methods were used to calculate the canopy
gap fraction and to estimate canopy structural indices (LAI and PAI). The first gap fraction calculation
method is described in Lang et al. (2010), who adjusted LinearRatio (Cescatti 2007) for a single camera.
According to Cescatti (2007) the canopy gap fraction
is a ratio between the below canopy image and the
above canopy image. In this study, the above canopy
reference was not measured but created for each below canopy image similarly to Lang et al. (2010) by
combining the interpolation of the canopy gap pixel
values and a sky radiance model (Bartzokas et al. 2003).
More than 20 open sky points were marked for each
image. 3 × 3 pixel windows were used around each mark
to calculate the incident radiation of clear sky. The
ratio of the below canopy image (I B) to the above-canopy (IA) image was used to calculate canopy transmittance T = I B / I A from each image. The average transmittance for each stand and for each field observation
date was calculated from the nine transmittance images. A slope mask for each stand was created and applied to the transmittance image. Since the cameras
were not calibrated in the lab, vignetting correction
and projection correction were not applied. We assumed a linear projection model for both cameras. The
small errors in the projection model do not have a significant influence in our analysis. The vignetting effects were to some extent eliminated by the nature of
the LinearRatio method.
The second method for gap fraction estimation
was based on the subjective classification of pixels and
was carried out in CanEye software. The dark current
corrected images were converted into the compressed
.jpg format using 5% saturation criteria at both ends
ISSN 2029-9230
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of the pixel value distribution histogram. These images are further referred as FE.jpg images. The saturation criterion was needed to retain the most informative part of pixel values after the data conversion from
16 bit to 8-bit, since CanEye works only with 8-bit
data.
The estimation of LAI LR by inverting gap fraction
model
The canopy transmittance obtained from Linear
Ratio method was used to invert the gap fraction model
(Nilson 1999, Nilson and Kuusk 2004) in order to estimate the true green leaf area index LAILR for each
observation day and stand as follows:
(2)
where N is the stand density (trees/m 2), k is shootlevel clumping factor, a is the branch area to leaf area
ratio, S(q) is crown envelope projection area (m 2) on
the horizontal plane in the direction of view zenith
angle q, x is Fishers grouping index of the tree distribution pattern, a(q) is the measured fraction canopy gaps at the view angle q from LinearRatio method.
To apply Eq. (2), estimates of N, k, a, as well as tree
dimensions  crown length L CR, crown radius R CR, tree
height h and trunk diameter at breast-height D 1 , 3
should be known. N was calculated from in situ tree
counts within 3 circular sample plots with 20 m diameter. Shoot-level clumping index k is equal to 1 for
randomly distributed foliage, > 1 for regularly distributed foliage, and < 1 for clumped canopies (Weiss et
al. 2004). For observed beech stands k was set to 0.8.
Two possible crown forms can be used in the Nilson
and Kuusk (2004) model: an ellipsoid for deciduous
species and a cone on the top of a cylinder for conifers (Kodar et al. 2008). We used the ellipsoid as a
crown form for beech. The branch area ratio was estimated according to percent coverage of leafless trees
from digital images, which were processed using object-oriented segment-based classification. Fishers
grouping index was calculated from the relation
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The estimation of plant area index using CanEye
Canopy transmittance estimation in CanEye software is based on the subjective classification of image pixels as open sky and plant element classes. For forests the output from CanEye is the effective plant area index (PAI CE) since the influence of
trunks and branches is not eliminated. The following
parameters were defined to run the program: calibration parameters (image size, optical center, projection
function and circle of interest, sub-sampling factor) and
angular resolution (azimuth, zenith). First order polynomial D f = 90° / R 90 was used as the projection function relating the distance from image center to the
actual view zenith angle. For the Nikon camera, the
value of the projection model was D f,nikon = 0.1125 and
for the Canon it was D f,canon = 0.06494. The slope mask
was used to exclude the ground area captured on images. To minimize the effect of operators´ subjectivity, the classification was repeated four times and the
average effective plant area index PAICE was used for
each stand and observation date.
In situ phenological observations
Visual phenological observations were carried out
in the test stands during the whole vegetation period
in 2011 using the method published by SHMU (1984).
Following this method, ten mature beech trees (more
than 50 years old) were selected in each stand to
monitor the phenological phases described in Table 3.
These trees should be representative  not early or
late flushing in comparison with all other trees, and
situated inside the forest at least 50 m from the forest
edge. Each phenophase (except for FLU) has three
basic states: beginning (10% onset), when 10% of the
Table 3. The observed phenological phases, their definitions
and abbreviations (Abbr.)
Phenophases

Definition

State of
phenophase

Abbr.

bud swelling (BS)

when buds extended
their length and green
appeared on edges of
bud scales

10 %onset
50 %onset
100 %onset

BS10 BS50 BS100

(3)

budburst (BB)

when bud scales
opened and green top
of leaf was sticking out

10 %onset
50 %onset
100 %onset

BB10 BB50 BB100

where C CAN is the canopy cover in midsummer (sum of
the vertical crown projection areas per unit ground
area, overlapped areas counted only once, see Jennings et al. (1999) for definitions) estimated from the
gap fraction data using zenith annuli 0° £ q £ 15°. C CR
is the crown cover (sum of the vertical crown projection areas per unit ground area) calculated as C CR =
N · RCR according to the stand density (N) and crown
radius (R CR) (Kodar et al. 2008).

leaf unfolding
(LU)

when leaves had final
shape, but not final size
and colour

10 %onset
50 %onset
100 %onset

LU10 LU50 LU100

when leaves had final
size and colour
when leaves changed
their colour from green
to yellow, red or brown

100 %onset

FLU100

10 %onset
50 %onset
100 %onset

LC10 LC50 LC100

10 %onset
50 %onset
100 %onset

LF10 LF50 LF100

x = – ln (1 – CCAN) / CCR
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final leaf
unfolding (FLU)
leaf colouring (LC)

leaf fall (LF)

when leaves fell down
from trees to the
ground
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trees have reached the phenophase; general (50 %
onset), when 50 % of the trees have reached the phenophase; and full (100 % onset), when 100 % of the
trees reached the phenophase.
Assessment of NDVI time series based phenology
metrics
We used the NDVI time series curvature change
method (Zhang et al. 2003) to estimate green-up, maturity, senescence and dormancy. The NDVI observations for each stand were pooled at DOY = 180 and
then fitted with logistic model given in Zhang et al.
(2003) by using the method in R. The phenology metrics were calculated from the fitted function curvature
change K.
For processing the single year data in TIMESAT,
we had to replicate the data from the year of 2011 and
to create a three-year long series according to instructions given by Eklundh and Jönsson (2011). NDVI data
were fitted with logistic function (number of envelope
iterations = 2) and with Savitzky-Golay adaptive filtering (number of envelope iterations = 1, window size =
3). The rest of the settings were similar for both methods. The relative NDVI level 0.1 was specified as the
season start and the season end criterion for the phenology metrics calculation. TIMESAT calculates the
DOY of the start of season and of the end of season,
which were interpreted as green-up and dormancy.
The phenex package (Lange and Doktor 2013) is
designed for calculation of phenology metrics from a
single year NDVI data. For each day of the year a
NDVI value is required. We used the NDVI = 0.4 for
DOY = 1 and 10% decreased NDVI of the last observation for DOY = 365 and filled all gaps in the data
series with the approx function in R (R Core Team 2012).
All available data fitting methods in phenex procedure
modelValues were tested by using default settings and
the fitted values were then used in the phenoPhase
method to calculate green-up, maximum and senescence metrics when local threshold was set to 0.1.

Results
The observed phenological phases in the study
stands
During the growing season in the year of 2011 two
main phenological events occurred in the test beech
forests: leaf onset (during spring) when LAI LR , PAICE
and NDVI increased and leaf offset (during autumn)
when LAI LR , PAI CE and NDVI decreased. The onset
days of all observed phenophases and their developmental stages in the test stands are listed in
Table 4.
2014, Vol. 20, No. 2 (39)

Table 4. The onset days (DOY) of in situ observed phenological phases
Phenophase

Stand No.
509
98
101
105
106
108
111
112
115
121
158
267
283
300
292
306
314

BS10
BS50
BS100
BB10
BB50
BB100
LU10
LU50
LU100
FLU
LC10
LC50
LC100
LF10
LF50
LF100

514
99
101
105
106
110
113
114
118
123
158
269
285
306
289
306
316

531
101
104
106
107
110
112
113
117
123
159
262
266
303
280
303
313

541
99
102
104
105
110
112
113
116
122
159
273
298
304
295
304
316

619
101
105
107
108
111
113
114
117
122
160
278
300
306
294
306
319

The estimates of canopy transmittance, LAI LR and
PAI CE
The hemispherical images were acquired under the
best possible diffuse illumination conditions, but some
measurements were affected by the direct solar illumination (Table 5).
Table 5. The illumination conditions of the days
when the hemispherical images were taken
Date
May 3
May 4
May 12
May 13
Jun 19
August 10
August 11
September 28
September 29
October 17
October 18
November 15
November 16
November 21

average
DOY
123
133
170
222
272
290
319

509

514

W (3)
B (6)
L
L
B
W
W
L
-

W
B
W
B
L
L
L
-

Stand
531
W
B
L
L
W
L
L
-

541

619

W
SL
L
L (6)
L (3)
W
W
L
-

SB
L
L
W
W
W
G

Legend: illumination conditions (colour of the sky):
S is crowns illuminated by sun/incidence of sun, L is
light blue sky, B is blue sky/partially cloudy sky, W is
white sky, G is grey sky. The number in brackets is
the number of canopy images taken on the particular
day if differed from nine.

The LinearRatio method accounts for the differences in the sky radiation since the above canopy image
is created using the information from the below canopy image. However, compared to the subjective classification in CanEye program LinearRatio method seemed
to be more sensitive to the direct sunlight and to the
image exposure problems inherent in the pre-programmed P-mode that was used in the cameras. The
ISSN 2029-9230
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incidence of direct sunlight sometimes occurred during
early mornings; and due to the illuminated trunks and
leaves the transmittance estimates were positively biased. This increase in the gap fraction estimates resulted in lower LAI LR values as shown in Figure 2d,e) in
stands 541  DOY 133 and 619 - DOY 123. The discrepancies were also found during early mornings, when the
sky was clear and blue. Sometimes the camera automatic
settings in P-mode imaging using the spot light metering mode were not set properly under dense canopies.
This resulted in exceptionally small transmittance (gap
fraction) values and fluctuating high LAILR values as
shown in Figure 2a-c) in stands 509  DOY 222, 514 
DOY 133 and 222, 531  DOY 133. All these problematic LAILR values were excluded from further analyses.
a) 509

6

0,3

6

0,3

5

0,25

5

0,25

0,2

4

4
PAI_CE
LAI_LR
GF_CE
GF_LR

3

0,15

LAI PAI

7

0,35

0,2
PAI_CE
LAI_LR
GF_CE
GF_LR

3

0,15

0,1

2

0,05

1

0

0

0,35

7

6

0,3

6

0,3

5

0,25

5

0,25

0,2

4

2
1
0
120

170

220
DOY

270

c) 531

7

4
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Figure 2. The seasonal change of gap fraction (GF), leaf area
index (LAILR) and plant area index (PAI CE). The source of
the estimates is indicated as CE for CanEye and as LR for
LinearRatio. DOY corresponds to the observation day of the
year. LAI LR and PAICE are given on the primary y-axis and
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The fluctuations of PAI CE estimates during the
vegetation period of 2011 were smaller than the fluctuations of LAILR . However, the seasonal course of the
plant area index PAI CE did not follow the observed
phenological phases which, on the other hand, were
in good concordance with the seasonal changes of
LAI LR. The LAILR rose until the midsummer and then
started to decrease until the winter season. The behaviour of PAI CE was different, since the decrease
started already during May and lasted till June. From
the end of June to August, PAI CE did not change, and
subsequent decrease was observed from September
until December (Figure 2a-e). This probably resulted
from the operator-driven classification (thresholding)
used to estimate PAI CE.
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After excluding the problematic LAILR values that
resulted from bad camera settings or the direct incidence of the Sun, we applied the 4 th order polynomial
function to describe the LAI LR and PAI CE changes during the growing season (Figure 3). The relationship
between the two independent canopy indices LAI LR
and PAI CE was linear with the coefficient of determination R² = 0.84 (Figure 4). The intercept in LAI LRPAI CE relationship was not 0 and represents branch
area index BAI estimate (PAICE  LAI LR » BAI).
6
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Figure 3. The seasonal course of LAI LR and PAICE in the
year 2011 fitted with 4 th order polynomial function
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Figure 4. The relationship between the true green leaf area
index LAI LR and the plant area index PAICE

The relationships between NDVI, canopy indices
and phenophases
The seasonal change of NDVI (Figure 5) and LAI LR
followed the main phenological phases. The bud swelling
(BS) was the first vegetative phenological phase observed on beech. This phenophase started around DOY
100 when NDVI based on the satellite images was already increasing, although there were no green leaves
in the tree canopy. This early increase in NDVI was
probably caused by the forest understory vegetation.
The next phenophase of budburst, the BB 10, began around DOY 106. The NDVI recorded on this DOY
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was 0.56. The most rapid increase of NDVI from 0.58
to 0.87 (Figure 5) was recorded during the phenophase
of leaf unfolding, LU (from DOY 112 to 123). Unfortunately, due to the technical reasons we could not start
taking hemispherical images before the end of leaf
unfolding and hence, we could not analyze the changes in canopy transmittance in this period. At the end
of the spring phenophases, in the period from LU100
(DOY 123) to the phenophase FLU100 (DOY 159), a
slight increase of NDVI from 0.87 (sx = 0.009) to 0.92
(s x = 0.010) and LAILR were still recorded. The maximum LAI LR values were recorded during FLU100 phenophase (DOY 170). The differences in the onset of
phenophases between the stands during the spring
were small, with the average variation range of 3 days
(s x = 1 day).
After reaching the full leaf area, forest NDVI values started to decrease already in the summer, and in
the middle of August (DOY 222) NDVI decreased to
0.9 (s x = 0.007). Similar pattern was revealed also for
LAILR values.
The autumn phenophases started at the end of
September. The between-stand differences in NDVI
values were larger in the autumn than in the spring.
The earliest autumn reduction of NDVI was recorded
in stand 531, where the phenological phase LC10 and
LC 50 occurred earlier than in other stands (Table 4).
The latest onset of leaf colouring was observed in
stand 619, where LC50 occurred on DOY 300. These
differences disappeared after the first autumn rain and
temperature drop, when all leaves became totally
brown within few days (DOY 305). For a better imagination of the autumn phenological situation we
present a comparison for DOY 290: in stand 531 NDVI
= 0.74 during LC70 while in stand 619 NDVI = 0.79 was
during LC 30. LAI LR values decreased simultaneously
with the drop of NDVI, although the phenophase LF 10
started on DOY 290 on average (sx = 5.2). The decrease
in LAILR before the phenophase LF 10 is probably
caused by the violation of the assumption of black
leaves (transmittance reflectance 0) in the optical
measurements of the leaf area index estimation. In the
blue spectral region, the absorption is mainly caused
by chlorophyll. The leaf coloring indicates chlorophyll
decay and an increase in leaf reflectance in the blue
spectral region. As a result, the ratio between the
below canopy and the above canopy radiances increases causing the underestimation of LAI (which is
not green any more).
The timing patterns of the leaf fall were similar to
the leaf colouring phenophases. The leaf fall (LF 10) in
stand 531 started at the beginning of October (DOY
280), i.e. 9-15 days earlier than in the other stands. The
phenological situation between LF 50 and LF 100 was
ISSN 2029-9230
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quite similar in all stands (Table 4). The phenophase
LF 50 started around DOY 304 and LF 100 was observed
around DOY 316. After LF100 and before the snow cover, NDVI decreased to the stable value, NDVI = 0.54
(sx = 0.016), on average, and LAI LR dropped to its minimal value.
The seasonal course of PAICE differed from the
seasonal course of NDVI during the transition from the
spring to the summer, as PAI CE started to decrease
already after LU100. However, at that time NDVI still
showed a slight increase. In the autumn, the seasonal
courses of NDVI and PAICE were similar.
LAI LR had strong linear relationship with NDVI
described by the coefficient of determination, R² = 0.85
(Figure 6). Although LAI depends mainly on the
amount of leaf biomass, while NDVI depends also on
the colour of the leaves, both indices were rising during spring phenophases and were decreasing during
autumn phenophases. In the spring, the enlarging of
leaf area expressed by LAILR was coupled with the
increasing of greenness captured by NDVI. In the
1
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NDVI
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Figure 5. The seasonal course of NDVI during the year of
2011 fitted with 4th order polynomial function
7
PAI_CE
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summer after FLU 100 both indices slightly decreased.
In the autumn NDVI and LAI LR simultaneously decreased. Although seasonal courses between PAICE and
NDVI differed, the coefficient of determination expressing the linear relationship between these two
indices was also high, R 2 = 0.82 (Figure 6). We discovered no significant difference between the coefficients of determination of LAI LR to NDVI relationship
and PAI CE to NDVI relationship.
Assessment of NDVI time series based phenology
metrics
All the used methods provided estimate of greenup metric, however, there was a considerable variation
(Table 6). The most of the phenex NDVI data fitting
methods except DLogistic resulted in the unrealistically
early green-up. TIMESAT and K positioned the start
of the season, aka green-up, quite close to the in situ
observed bud swelling phenophase (Table 4) In the
beech stands this is probably caused by the earlier
growth start of the forest understorey vegetation. The
maturity metric was provided by K only and maturity
was almost coinciding with the in situ observed onset of LU100 . The season maximum as calculated by
phenex varied in a great extent depending on data fitting method. The earliest estimate of the season maximum was on LU100 and the latest estimated DOY was
in the middle of FLU. The senescence metric seemed
to have different interpretation in K method and in
phenex as the phenex estimate of senescence occurred
later then dormancy given by K which, on the other
hand, corresponded well with the end of season given by TIMESAT (Table phenometrics). Only DLogistic and SavGol data fitting methods in phenex produced realistic values of senescence (interpreted as
the end of the season) in some stands at the selected
threshold. We also run phenex with local threshold set
to 0.2 (data not shown here) which produced later DOY
of green-up and earlier DOY for senescence estimates
but there was still a considerable variation among the
data fitting methods.
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Figure 6. The relationship between LAI LR, PAICE and NDVI.
LAILR = 8.573NDVI  2.84, R² = 0.85, PAICE = 6.279NDVI
- 1.409, R² = 0.82
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Satellite remote sensing provides a unique opportunity to monitor vegetation phenology over large
areas. For the correct interpretation of the remote sensing data their relationships with the in situ observed
variables must be well known. The Leaf area index is
one of the main driving variables of vegetation reflectance and also an indicator of phenology. We used two
different methods, LinearRatio and subjective pixel
classification, to estimate the canopy transmittance of
ISSN 2029-9230
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Table 6. The phenology metrics derived from NDVI data with curvature (K) method, phenoPhase
method in the Phenex package and module and the TIMESAT software method TSM_printseasons.
Different data fitting methods were tested. The phenology metrics, such as green-up, maturity,
maximum NDVI, senescence and dormancy, are denoted here with the first three characters of each
metric name. The description of phenex and TIMESAT data fitting methods can be found in the
software manuals. In phenex and TIMESAT the local (i.e. relative) threshold equal to 0.1 was used
to identify the start and the end of the season
Phenology metrics

Stand

509

514

531

541

619

phenex
Metric

LinIP

Spline

DSig

DSigC

DLogistic

Gauss

Growth

FFT

SavGol

gre
mat
max
sen
dor
gre
mat
max
sen
dor
gre
mat
max
sen
dor
gre
mat
max
sen
dor
gre
mat
max
sen
dor

34
139
364
97
146
364
57
139
356
45
146
333
70
146
326
-

34
139
364
97
146
364
57
139
356
45
146
333
70
146
326
-

17
211
364
17
210
364
17
208
363
17
209
354
17
210
355
-

89
149
364
95
156
364
89
149
364
87
156
317
89
156
320
-

101
170
364
103
167
333
105
161
322
104
161
315
96
179
316
-

57
204
349
60
202
343
61
200
339
64
199
334
60
200
338
-

25
201
364
26
201
364
26
200
364
26
204
354
25
205
354
-

89
238
330
84
239
329
92
158
329
9
173
329
37
174
324
-

94
143
363
95
145
350
78
151
341
65
150
319
78
157
317
-

mature beech forests from hemispherical images over
the vegetation period. The transmittance based LAI LR
and PAICE were regressed to NDVI from satellite-borne
MODIS images.
The NDVI values during the growing season were
analysed according to tree canopy foliage phenology. The onset of phenological phases in a forest is
usually identified using the phenological metrics that
are based on the inflection points (Fisher and Mustard 2007) or the maximal rate of change in the curvature of the smoothing functions (Zhang et al. 2003, Ahl
et al. 2006, Ganguly et al. 2010). In this study, however, we were interested in specific NDVI values in relation to the observed phenophases similar to Soudani
et al. (2012), who identified the minimum value of NDVI
in the beech forests in France at the date of budburst
and the maximum NDVI at the day corresponding to
the end of leaves expansion. In the beech stands of
this study, the phenophase budburst occurred later
than the minimum NDVI. The NDVI increase during the
spring was evoked by the strategy of the phenological escape of the understory vegetation and undergrowth (Brandýsová and Bucha 2012). The phenological phases of the beech forest understory begin
before the phenophases of canopy trees: a strategic
approach to utilize the temporary favourable microcli2014, Vol. 20, No. 2 (39)

Curvature
K
100
124
269
316
101
124
269
315
103
124
266
316
105
122
270
315
97
125
274
316

TIMESAT
Logistic

SavGol

97
315.1
96.4
315.9
97
315.7
95.2
315
99.4
313.4

100
321
101
317
103
320
103
308.6
96.4
307.

mate and light conditions in forests. This indicates that
forests of the same tree species growing on the same
continent do not have to reach the same phenophase
in relation to NDVI. This depends on climate conditions and forest structures. However, after the budburst the relationship between NDVI and the phenophases of our stands was similar to Soudani et al.
(2012) since NDVI started to slightly decrease already
after the maximal NDVI and a steep decrease was observed in the early autumn after beginning of leaf
yellowing.
The MODIS NDVI followed the phenological phases of foliage during the growth season and indicated a
strong linear relationship with LAILR and PAICE. For example, Wang et al. (2005) detected strong linear relationships between LAILR and NDVI only during the
periods of leaf production and leaf senescence. Wang
et al. (2005) stated that the relationship was poor during the period of maximum LAILR apparently due to the
saturation of NDVI at the high values of LAILR . One of
the most interesting findings in our study was that the
relationship between NDVI and LinearRatio-based LAILR
did not saturate at the high values of LAILR. Many
authors (Lüdeke et al. 1991, Toby and Ripley 1997, Wang
et al. 2005) have asserted that the NDVI of a pixel with
the complete forest cover does not increase after LAILR
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reaches the value over 2(3). Our results revealed, that
NDVI of beech stands was increasing until LAI LR
reached the maximal area, and NDVI started to decrease
already in August with decreasing of LAI LR.
The coefficients of determination calculated in our
study were 0.85 between LAILR and NDVI, and 0.82
between PAICE and NDVI. However, the overestimation
of canopy transmittance and consequent underestimation of the area covered by forest canopy at high PAICE
values in subjective classification of hemispherical
image indicated, that LinearRatio based methods
should be preferred for canopy transmittance measurements. These phenomena were clearly visible in LAILR
to PAI CE regression and their relationship with NDVI.
Many of the existing studies suggested various
shapes of relationships between LAI and NDVI. Comparing to other linear relationships, Wang et al. (2005)
found that the LAI-NDVI coefficients of determination
varied from 0.39 to 0.46 for different sources of NDVI.
On the other hand, Potithep et al. (2010) discovered
very strong linear LAI-NDVI and LAI-EVI relationships
with R 2 = 0.89 and 0.94, respectively. Other studies
revealed the NDVI-LAI coefficient of determination
equal to 0.19 for forest vegetation type (Colombo et
al. 2003), and 0.35, 0.75, and 0.86 for slash pine in Florida in February, September and March, respectively
(Curran et al. 1992).
The estimation of canopy leaf area index is prone
to different errors and shortcomings in the methods.
The methods that are based on the subjective thresholding or pixel classification of hemispherical images
to estimate LAI assume that sky radiance is constant
over the view of zenith and azimuth angles and that
there is no vignetting of the signal. These assumptions are seldom fulfilled. There are usually random
fluctuations and systematic changes in sky radiance
under both overcast and near sunset or sunrise conditions and the hemispherical lenses or converters on
digital cameras have significant vignetting (Lang et al.
2010). Although LinearRatio method of canopy transmittance estimation was more sensitive to the image
exposure errors and occasional direct illumination of
hemispherical images, the final outcome was better and
more realistically related to the actual phenological
events.
While the seasonal course of LAI LR showed a very
good agreement with the occurring phenological phases, PAI CE values did not, since the PAI CE seasonal
course differed from the phenological situation especially in the transition period from spring to summer.
These findings were similar to the results of Pavlendová
et al. (2009), who derived the seasonal course of effective LAI (LAI e) for stand 541 in the 2009. Pavlendová
et al. (2009) analysed hemispherical photographs in GLA
2014, Vol. 20, No. 2 (39)
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software using subjective tresholding and found the
same drop of LAIe in spring as we revealed for PAI CE.
However, such an early decrease in the canopy indices
based on the subjective thresholding cannot be explained with any of our field observations of the phenological situation after the end of leaf unfolding. We
conclude that the operators subjective decision distorts
the estimates of structural information from hemispherical images and such methods are not suited for phenological studies of forest stands.
The decrease of PAI CE after the phenological
phase LU 100 can be sometimes realistic due to the
possible summer drought or biotic agents (insects
etc.). However, none of such events were recorded in
the test sites during our study. It is necessary to note
that the development of leaves does not finish with
the phenophase of leaf unfolding. After LU 100, leaves
continue increasing their area, and their width, and
change their colour until the phenophase of full leaf
unfolding (SHMU 1984), and this is the reason why
LAI LR should not decrease. In our test stands it took
up to one month to reach the phenophase FLU 100 .
During this period the NDVI values of test forests
derived from MODIS images continued to increase,
which was in correspondence to the results from
Brandýsová and Bucha (2012), who used spectroradiometer LI-1800 with integration sphere 1800-12 and revealed increasing NDVI of beech leaves from DOY 123
with average NDVI 0.71 (sx = 0.023) to DOY 159 with
average NDVI equal to 0.79 (sx = 0.015).
In our test forests, the leaf area index and NDVI
started to decrease after DOY 170 (FLU100 ). García-Plazaola and Becerril (2001) examined the pigments in
Mediterranean beech leaves and found that the pigment content decreased progressively during the summer in sunlit leaves (leaves exposed to the sun) and
remained stable in shaded leaves (leaves underneath
the sunlit leaves). García-Plazaola and Becerril (2001)
discovered that from July to September, there was no
chlorophyll biosynthesis, hence, photodegradation of
chlorophyll was not compensated by new production.
The natural leaf senescence occurred first in sunlit
leaves, and during the senescence leaf chlorophyll was
completely degraded (García-Plazaola and Becerril
2001). This agrees with the slight decrease of NDVI
from July to September followed by a faster decrease
until the winter season in our test stands.
When deriving LAI from hemispherical images, an
effect of terrain slope must be taken into account.
España et al. (2008) discovered potential strong underestimation of LAI higher than 2 on slopes steeper
than 25°. Since the forest stands in this study were
located on slopes less than 25°, the only correction
we performed was masking out the slope terrain. SimiISSN 2029-9230
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larly, vegetation indices can also be affected by the
terrain topography. However, the indices which can be
expressed as a function of the ratio vegetation index
(RVI) like NDVI can almost completely reduce the direct effect of topography (Matsushita et al. 2007).
Although EVI is considered as a better indicator of
plant phenology than NDVI (Heute et al. 2002), it cannot be expressed as a function of RVI because of the
soil adjustment factor (Matsushita et al. 2007). Due to
the sloping terrain of our test stands, NDVI seems to
be a better vegetation index than EVI.
Data smoothing and filtering is usually the first
step required for estimation of phenology metrics from
NDVI data series. The NDVI series in our test were
carefully cleaned first by using the quality control data
of the MODIS daily surface reflectance product and
additional smoothing was not applied. Thus, the estimated phenology metrics depended mainly on the
selection of data fitting model and applied settings.
We can confirm conclusions of Hird and McDermid
(2009), who found double logistic function superior
over other data fitting techniques for NDVI phenology series. However, after selecting the best model there
is the final step  the actual value of a metric has to
be calculated according to some rule. In phenex and
TIMESAT software the rule is based on a threshold
for the NDVI to determine start and end of season.
Estimation of the threshold is difficult and almost
subjective without having some previous in situ
observations for the ecosystem under study. The same
threshold can produce different values for the same
phenology metric in different programs. On the other
hand, the model curvature based estimation of phenology metrics, which is proposed by Zhang et al.
(2003), did not require any additional settings and the
results were well described by in situ observations.
European beech is one of the most frequent tree
species covering the large area of Europe (Magri 2008).
Monitoring of its reactions to the changing climate
conditions could support silvicultural decisions in
future. In this study we investigated the options to
monitor vegetation phenology of mature beech stands
using daily MODIS NDVI. A strong linear relationship
between NDVI and LAI of beech stands was observed
and the relationship was not saturated at high LAI
values in summer. The analysis of in situ observed
phenological phases and leaf area indices based on
digital hemispherical images confirmed the applicability of MODIS NDVI for phenological monitoring. Since
off-the-shelf cameras are not originally intended for
measurements but for photography, it is important to
choose appropriate settings for the cameras. However, the estimation of canopy indices can be performed
in existing software like CanEye, which can directly use
2014, Vol. 20, No. 2 (39)
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canopy transmittance data. For further phenological
studies that plan to use hemispherical images we recommend to store the images in raw data format as this
enables to use the LinearRatio based methods for the
canopy transmittance calculation. For phenology observation at flux towers such raw data from downward
looking digital cameras equipped with regular lenses
are already successfully used (Ahrends et al. 2008,
Richardson et al. 2009).
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ÑÅÇÎÍÍÛÅ ÈÇÌÅÍÅÍÈß ÈÍÄÅÊÑÎÂ NDVI, LAI È PAI ÎÒÍÎÑÈÒÅËÜÍÎ
ÔÅÍÎËÎÃÈ×ÅÑÊÈÕ ÔÀÇ ÁÓÊÎÂÛÕ ËÅÑÎÂ
Â. Ëóêàñîâà, Ì. Ëàíã è ß. Øêâàðåíèíà
Ðåçþìå
Íàñòóïëåíèå ôåíîëîãè÷åñêèõ ôàç, òàêèõ êàê ðàñêðûòèå ïî÷êè, ðàçâèòèå ëèñòà, öâåòåíèå, ïëîäîíîøåíèå è
ñòàðåíèå ëèñòà, âûçâàíî ãåíåòè÷åñêè çàâèñèìîé âíóòðåííåé ïåðèîäè÷íîñòüþ ðàñòèòåëüíîñòè è â çíà÷èòåëüíîé ñòåïåíè
çàâèñèò îò êëèìàòè÷åñêèõ óñëîâèé. Ïîýòîìó ñðîêè íàñòóïëåíèÿ ôåíîëîãè÷åñêèõ ôàç ñ÷èòàþòñÿ õîðîøèì èíäèêàòîðîì
ïîñëåäñòâèé èçìåíåíèÿ êëèìàòà. Ôåíîëîãè÷åñêèå ôàçû ýêîñèñòåì ìîæíî íàáëþäàòü ñî ñïóòíèêîâ èñïîëüçóÿ èçìåíåíèÿ
â ñïåêòðàëüíîé ÿðêîñòè, êîòîðàÿ ãëàâíûì îáðàçîì îáóñëîâëåíà îïòè÷åñêèìè ñâîéñòâàìè, ðàñïîëîæåíèåì è ïëîùàäüþ
ëèñòà.
Â ýòîì èññëåäîâàíèè ìû èñïîëüçîâàëè âåãåòàöèîííûé èíäåêñ NDVI (Normalized Difference Vegetation Index) â
êà÷åñòâå èíäèêàòîðà ñåçîííîé äèíàìèêè áóêîâûõ ëåñîâ (Fagus sylvatica L.) íà 5 ïðîáíûõ ïëîùàäÿõ â Ñëîâàêèè. Ìû
ïðîàíàëèçèðîâàëè ôåíîëîãè÷åñêèå ôàçû íà êàæäîé ïðîáíîé ïëîùàäè â òå÷åíèå îäíîãî âåãåòàöèîííîãî ïåðèîäà,
èñïîëüçóÿ òðè ðàçíûõ ïîäõîäà: I) ôåíîëîãè÷åñêèå íàáëþäåíèÿ íà ìåñòå, II) öèôðîâûå ïîëóñôåðè÷åñêèå èçîáðàæåíèÿ,
ñíÿòûå, ÷òîáû îõàðàêòåðèçîâàòü èçìåíåíèÿ ëèñòîâîãî èíäåêñà LAI (Leaf Area Index) è èíäåêñà PAI (Plant Area Index),
III) âåãåòàöèîííûé èíäåêñ NDVI, âû÷èñëåííûé íà îñíîâå êîñìè÷åñêèõ äàííûõ ðàäèîìåòðà MODIS. Îöåíêè èíäåêñîâ
LAI è PAI íàïðÿìóþ çàâèñÿò îò òî÷íîñòè îöåíèâàíèÿ äîëè ïðîñâåòîâ â ïîëîãå (êîýôôèöèåíò ïðîçðà÷íîñòè),
ïîëó÷åííûõ ñ ïîëóñôåðè÷åñêèõ ñíèìêîâ. Òàêèì îáðàçîì, ìû ïðîâåðèëè êëàññèôèêàöèþ ïèêñåëåé, îñíîâàííóþ íà
ñóáúåêòèâíîì ðåøåíèè îïåðàòîðà, è íåäàâíî ïðåäëîæåííîì ëèíåéíîì ïðåîáðàçîâàíèè äàííûõ íåîáðàáîòàííîãî
ñíèìêà (LinearRatio), êîòîðîå, êàê áûëî âûÿâëåíî, ïðèâîäèò ê ñîïîñòàâèìûì ðåçóëüòàòàì ñ íàèáîëåå ÷àñòî
èñïîëüçóåìûìè àíàëèçàòîðàìè ïîëîãà ðàñòèòåëüíîñòè.
Ðåçóëüòàòû ïîêàçàëè, ÷òî çíà÷åíèÿ NDVI ÷óòêî ðåàãèðîâàëè íà èçìåíåíèÿ âåãåòàöèîííûõ ôåíîëîãè÷åñêèõ ôàç.
Íàèáîëåå áûñòðîå óâåëè÷åíèå NDVI áûëî çàôèêñèðîâàíî âî âðåìÿ ôàçû ðàçâîðà÷èâàþùåãîñÿ ëèñòà. Ïîñëå
äîñòèæåíèÿ ìàêñèìóìà çíà÷åíèÿ, NDVI íà âñåõ ïðîáíûõ ïëîùàäÿõ íà÷àëè ìåäëåííî ñíèæàòüñÿ â òå÷åíèå ëåòíåãî
ïåðèîäà. Çà ýòèì ïîñëåäîâàëî áûñòðîå ñíèæåíèå çíà÷åíèé îñåíüþ âî âðåìÿ ôàçû ñòàðåíèÿ ëèñòà. Îñíîâíûå èçìåíåíèÿ
èíäåêñà NDVI õîðîøî îáúÿñíÿþòñÿ èçìåíåíèÿìè èíäåêñà LAI, îäíàêî, âëèÿíèå ìåòîäà îöåíêè LAI áûëî
çíà÷èòåëüíûì. Êîýôôèöèåíò ïðîçðà÷íîñòè ïîëîãà, âû÷èñëåííûé ñ ñóáúåêòèâíî êëàññèôèöèðîâàííûõ ïîëóñôåðè÷åñêèõ èçîáðàæåíèé, íà÷àë óâåëè÷èâàòüñÿ óæå â ìàå, òîãäà êàê äîëÿ ïðîñâåòîâ â ïîëîãå, âû÷èñëåííàÿ ïî ìåòîäó
LinearRatio, ïðîäîëæàëà óìåíüøàòüñÿ äî êîíöà èþëÿ, ÷òî íàõîäèòñÿ â ñîîòâåòñòâèè ñ äàííûìè íàòóðíûõ íàáëþäåíèé.
Îöåíêè LAI ïðè èñïîëüçîâàíèè ìåòîäà LinearRatio äëÿ âû÷èñëåíèÿ äîëè ïðîñâåòîâ â ïîëîãå íå çàôèêñèðîâàëè
íàñûùåííîñòè ñâÿçè ìåæäó NDVI ïðè âûñîêèõ çíà÷åíèÿõ LAI (LAI > 3), êàê íà ýòî óêàçûâàþò ìíîãèå àâòîðû.
Ñîãëàñíî íàøèì ðåçóëüòàòàì, MODIS NDVI ìîæåò èñïîëüçîâàòüñÿ äëÿ íàáëþäåíèÿ ôåíîëîãè÷åñêèõ ôàç çðåëûõ
áóêîâûõ ëåñîâ. Äëÿ âû÷èñëåíèÿ êîýôôèöèåíòà ïðîçðà÷íîñòè, êîòîðûé òðåáóåòñÿ äëÿ îöåíêè ëèñòîâîãî èíäåêñà LAI c
ïîëóñôåðè÷åñêèõ èçîáðàæåíèé, ìû ðåêîìåíäóåì èñïîëüçîâàòü ìåòîäèêè, áàçèðóþùèåñÿ íà LinearRatio.
Êëþ÷åâûå ñëîâà: áóê, NDVI, LAI, PAI, ôåíîëîãè÷åñêèå ôàçû
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