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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 phas-
es recorded in long-term observations are considered
as a suitable indicator of climate change (Menzel 2002,
Chmielewsky and Roétzer 2001). Changes in the timing
of plant developmental phases those are caused by
the current (anthropogenic) global climate change can
significantly affect ecosystem productivity, competi-
tion between plant species, and interaction with het-
erotrophic organisms (Badeck et al. 2004). Phenologi-
cal phases such as leaf onset, flowering, fruiting and
leaf senescence have been visually observed and

documented for a long time (Sparks and Carey 1995,
Menzel 2000, Cufar et al. 2012). During the recent dec-
ades new methods have been developed those use
satellite remote sensing data, conventional digital
photos or hemispherical digital photographs for phe-
nological observations (Zhang et al. 2003, Fisher and
Mustard 2007, Ganguly et al. 2010, Jonsson et al. 2010,
Guyon et al. 2011).

Spectral properties of plant canopies are deter-
mined mainly by photosynthesis, canopy structure and
visible background (Liang 2004, Kuusk and Nilson
2000). Modern sensors are capable of recording spec-
tral 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 spec-
tral 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, Sou-
dani et al. 2008, Narasihman and Stow 2010, Jeong et
al. 2011, Brandysova and Bucha 2012). New modifica-
tions of the NDVI are EVI — Enhanced Vegetation In-
dex (Zhang et al. 2003, Ganguly et al. 2010), PVI —
Perpendicular Vegetation Index (Guyon et al. 2011) and
WDRVI - Wide Dynamic Range Vegetation Index
(Jonsson et al. 2010). However, the new versions of
NDVT include additional spectral bands and may also
require additional parameter values to be estimated by
the user. This is a major drawback when are multispec-
tral 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 spa-
tial resolution in the widely used global monitoring
space-borne MODIS data (Heinsch et al. 2003).

Several types of phenology metrics can be de-
rived from remote sensing data. Numerically the val-
ue 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 (Jons-
son and Eklundh, 2002, 2004; Eklundh and Jonsson,
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 struc-
tural element of forests during growing period. To
assess the amount of leaves, Watson (1947) defined
dimensionless leaf area index (LAI) as the total one-
sided area of photosynthetic tissue of flat leaves per
unit ground area. LAI is a key structural characteris-
tic of forest ecosystems because of the role of green
leaves in controlling many biological and physical
processes in plant canopies. A comprehensive over-
view about LAl measurement and estimation methods
is given by Jonckheere et al. (2004). One of the pop-
ular LAI estimation methods is based on the hemi-
spherical images. First, the amount of open sky has
to be estimated. Then, LAI can be calculated from the

angular distribution of canopy transparency (gap frac-
tion). Since the era of the photographic film, a meth-
od called thresholding (binary classification) has been
used to separate sky and plant pixels. However, the
selection of optimal threshold between sky and for-
est 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 tech-
niques and software for canopy analyses: WinSCAN-
OPY (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 cor-
rect transmittance measurement is just the first step:
sophisticated models and auxiliary data about cano-
py structure are needed to obtain the true green leaf
area index for a forest (Nilson and Kuusk 2004). How-
ever, most of the hemispherical image processing soft-
ware packages calculate plant area index (PAI) instead
of LAI In addition, digital hemispherical photography
poses specific problems when deriving LAI over slop-
ing terrain (Espana 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 season-
al changes, in five mature beech forests located near
Zvolen, Slovakia. We calculated the seasonal NDVI
course using the MODIS red and near infrared spec-
tral bands performed in situ phenology observations
and took below-canopy upward looking hemispherical
images. The true green LAI (LAI ) 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_.). We
assumed that both canopy LAIL , and PAI_, have sim-
ilar relationship with NDVTI and that there are no dif-
ferences in their seasonal courses. We analysed the
occurrence of the observed phenophases in relation
to NDVI and LAI estimations. For each stand we cal-
culated 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°38°N; 19°03’E) and
Bukovina (48°34°N; 19°02’E).

The forest management plan database and Land-
sat TM images based on tree species composition map
of the Slovak forests (Bucha 1999) were used to se-
lect the test stands. The area of one forest unit in
Slovak forests is usually 15-20 hectares and contains
2 or 3 MODIS pixels. However the species composi-
tion 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 aggregat-
ed 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 for-
ests 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 for-
est 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 differentiat-
ed containing rich undergrowth layer of Fagus sylvat-

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
MODO09GQ, a daily surface reflectance. The MOD09GQ
contains red spectral band (RED 620-670 nm) and near
infrared spectral band (NIR 841-876 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 (MODO09GA) to check the recorded reflect-
ance at pixel level in each individual image for possi-
ble 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 MODO09GQ product we calculated
NDVI, which is considered as a biophysical indicator
of the phenological phases

; . . . NIR-RED
ica with the admixture of Carpinus betulus (L.). The NDVI= NIRT RED (1)
basic characteristics of the test stands are given in
Table 1.
Table 1. The basic character- g, 509 514 531 541 619
istics of forest test stands
Altitude (m a.s.l.) 447 560 591 602 532
Slope (°) 14 22 22 22 17
Aspect w w w E N
FS 90 FS 80 FS 85 FS 80
Species composition of canopy (%) QP 5 QP 10 QP 10 FS 100 QP 20
PS5 AA 10 AA5
) " o FS 90 FS 95 FS 80 FS 95
Species composition of undergrowth (%) CB 10 CB5 CB 20 FS 100 CB5
Stocking level 0.9 0.8 0.8 0.9 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
Undergrowth trunk diameter (cm) 8 11 9 13 10
Canopy height (m) 19 25 22 28 25
Undergrowth height (m) 12 12 10 12 13
Number of canopy trees (trees / m2) 0.076 0.045 0.076 0.038 0.045
Number of undergrowth trees (trees / m2) 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: 3—4 May (further
in the text referred as day of year: DOY 123), 12-13
May (DOY 133), 19 June (DOY 170), 10-11 August (DOY
222), 28-29 September (DOY 272), 17-18 October (DOY
290), and 15-21 November (DOY 319). One hemispher-
ical image was acquired at one meter height from the
ground on each selected day of year. After the meas-
urement of the nine points, dark image frames with the
lens cover on were also taken. The final dataset con-
tained 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.

n n n
[ S n L
Figure 1. Sampling grid
established in each of
five beech stands. W — som
sampling point for taking om
hemispherical image [ .

The first four measurements were carried out with
a Nikon camera and after it had broken down, a Can-
on 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-pro-
grammed 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 relation-
ship between the incident light and pixel values, and

the data corresponded to the plant canopy analyzer
LAI-2000 measurements as proven by Cescatti (2007).

Table 2. The settings of the hemispherical cameras

Camera type Nikon Coolpix E5400 Canon EOS 450D
Used on DOY 1283, 133, 170, 222 272, 290, 319
P - Programmable automatic P is Programmable automatic

Imaging mode program

Adjusted by camera
Adjusted by camera

program
Adjusted by camera
Adjusted by camera

Aperture
Shutter speed

Lens Fisheye converter FC-E9 Sigma 4.5mm F2.8 EX DC HSM
Sensor size 2592 x 1944 5184 x 3456

ISO 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 indi-
ces (LAI and PAI). The first gap fraction calculation
method is described in Lang et al. (2010), who adjust-
ed 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 be-
low 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 x 3 pixel windows were used around each mark
to calculate the incident radiation of clear sky. The
ratio of the below canopy image (/,) to the above-can-
opy (/,) image was used to calculate canopy transmit-
tance T = I,/ 1, from each image. The average trans-
mittance for each stand and for each field observation
date was calculated from the nine transmittance imag-
es. A slope mask for each stand was created and ap-
plied to the transmittance image. Since the cameras
were not calibrated in the lab, vignetting correction
and projection correction were not applied. We as-
sumed a linear projection model for both cameras. The
small errors in the projection model do not have a sig-
nificant influence in our analysis. The vignetting ef-
fects 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
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of the pixel value distribution histogram. These imag-
es are further referred as FE.jpg images. The satura-
tion criterion was needed to retain the most informa-
tive 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,, 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 esti-
mate the true green leaf area index LAI , for each
observation day and stand as follows:

{1— q':)!na(n?)}
NS{G)
1-¢

1~€xp[
1-

2N [ .
LAl = — OJ S(8)In
[

cos@sinfds (2)

where N is the stand density (trees/m?), x is shoot-
level clumping factor, « is the branch area to leaf area
ratio, S(6) is crown envelope projection area (m?) on
the horizontal plane in the direction of view zenith
angle 6, £is Fisher’s grouping index of the tree dis-
tribution pattern, a(6) is the measured fraction cano-
py gaps at the view angle 4 from LinearRatio method.
To apply Eq. (2), estimates of N, k, «, as well as tree
dimensions — crown length L _,, crown radius R, tree
height /4 and trunk diameter at breast-height D |
should be known. N was calculated from in situ tree
counts within 3 circular sample plots with 20 m diam-
eter. Shoot-level clumping index x is equal to 1 for
randomly distributed foliage, > 1 for regularly distrib-
uted foliage, and < 1 for clumped canopies (Weiss et
al. 2004). For observed beech stands x 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 coni-
fers (Kodar et al. 2008). We used the ellipsoid as a
crown form for beech. The branch area ratio was esti-
mated according to percent coverage of leafless trees
from digital images, which were processed using ob-
ject-oriented segment-based classification. Fisher’s
grouping index was calculated from the relation
gz_ln(l_CCAl\l)/CCR 3)
where C_.,, is the canopy cover in midsummer (sum of
the vertical crown projection areas per unit ground
area, overlapped areas counted only once, see Jen-
nings et al. (1999) for definitions) estimated from the
gap fraction data using zenith annuli 0° = #=< 15°. C_,
is the crown cover (sum of the vertical crown projec-
tion areas per unit ground area) calculated as C_, =

N - R_,according to the stand density (V) and crown
radius (R_,) (Kodar et al. 2008).

The estimation of plant area index using CanEye

Canopy transmittance estimation in CanEye soft-
ware is based on the subjective classification of im-
age pixels as “open sky” and “plant element” class-
es. For forests the output from CanEye is the effec-
tive plant area index (PAI_,) since the influence of
trunks and branches is not eliminated. The following
parameters were defined to run the program: calibra-
tion parameters (image size, optical center, projection
function and circle of interest, sub-sampling factor) and
angular resolution (azimuth, zenith). First order poly-
nomial D, = 90° / R, was used as the projection func-
tion relating the distance from image center to the
actual view zenith angle. For the Nikon camera, the
value of the projection model was D, , = 0.1125 and
for the Canon it was D, = 0.06494. The slope mask
was used to exclude the ground area captured on im-
ages. To minimize the effect of operators] subjectivi-
ty, the classification was repeated four times and the
average effective plant area index PAI., 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.)

Sate of

Phenophases Definition Abbr.
phenophase
bud swelling (BS) ﬂag:;ﬁﬁgg:” S 0BS5BSp
il
appeared on edges of 100 %onset
bud scales
when bud scales 10 %onset
budburst (BB) opened and green top 50 %onset BB,0BB5(BB;
of leaf was sticking out 100 %onset
leaf unfoldin when leaves had final 10 %onset
w) 9 shape, but not final size 50 %onset LU10LUsoLU100
and wlour 100 %onset
final Ie_af vyhen leaves had final 100%onset  FLU;0
unfolding (FLU) sizeand colour
when leaves changed
. ; 10 %onset
leaf colouring (LC) ge; Ico‘ll\c;ur Zrorrn ge\zﬂ 50 %onset LC,oLCsoLChop
Vel (el 100 %onset
when leaves fell down
10 %onset
leaf fall (LF) fr%r:ntées tothe 50 %onset LFy0LFep LFy00
a 100 %onset
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trees have reached the phenophase; general (50 %
onset), when 50 % of the trees have reached the phe-
nophase; 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, ma-
turity, senescence and dormancy. The NDVI observa-
tions 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 met-
rics 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 instruc-
tions given by Eklundh and Jonsson (2011). NDVI data
were fitted with logistic function (number of envelope
iterations = 2) and with Savitzky-Golay adaptive filter-
ing (number of envelope iterations = 1, window size =
3). The rest of the settings were similar for both meth-
ods. The relative NDVI level 0.1 was specified as the
season start and the season end criterion for the phe-
nology 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 obser-
vation 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 senes-
cence 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 ., PAI_,
and NDVI increased and leaf offset (during autumn)
when LAI ., PAI_ . and NDVI decreased. The onset
days of all observed phenophases and their develop-
mental stages in the test stands are listed in
Table 4.

Table 4. The onset days (DOY) of in situ observed pheno-
logical phases

Phenophase Stand No.

509 514 531 541 619
BS1o 98 99 101 99 101
BSso 101 101 104 102 105
BSi0 105 105 106 104 107
BB 106 106 107 105 108
BBso 108 110 110 110 111
BBiw 111 113 112 112 113
LU1o 112 114 113 113 114
LUsp 115 118 117 116 117
LU1o0 121 123 123 122 122
FLU 158 158 159 159 160
LCio 267 269 262 273 278
LCso 283 285 266 298 300
LCim 300 306 303 304 306
LFyo 292 289 280 295 294
LFso 306 306 303 304 306
LFi0 314 316 313 316 319

The estimates of canopy transmittance, LAI,, and
PAI,

The hemispherical images were acquired under the
best possible diffuse illumination conditions, but some
measurements were affected by the direct solar illumi-

nation (Table 5).

Table 5. The illumination conditions of the days
when the hemispherical images were taken

Date average Stand

DOY 509 514 531 541 619
May 3 123 W@ W W W -
May 4 B (6) - - - SB
May 12 - B B SL -
May 13 133 L - - - L
Jun 19 170 L W L L L
August 10 292 - - L L (6) -
August 11 B B - L3 W
September 28 272 - L - w W
September 29 w - w - -
October 17 290 - L L w -
October 18 W - - - W
November 15 - L - L -
November 16 319 L - L - -
November 21 - - - - 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 differenc-
es in the sky radiation since the above canopy image
is created using the information from the below cano-
py image. However, compared to the subjective classi-
fication in CanEye program LinearRatio method seemed
to be more sensitive to the direct sunlight and to the
image exposure problems inherent in the pre-pro-
grammed P-mode that was used in the cameras. The
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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 bi-
ased. This increase in the gap fraction estimates result-
ed in lower LAI . values as shown in Figure 2d,e) in
stands 541 — DOY 133 and 619 - DOY 123. The discrep-
ancies 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 meter-
ing mode were not set properly under dense canopies.
This resulted in exceptionally small transmittance (gap
fraction) values and fluctuating high LAI , values as
shown in Figure 2a-c) in stands 509 — DOY 222, 514 —
DOY 133 and 222, 531 — DOY 133. All these problemat-
ic LAI , values were excluded from further analyses.

a) 509
7 035

03

A\
5.—/ \ 0,25
L — ’

0,2
g
= —=—PATCH
35 3 ——FATER] 0,15
-=m-GFCE
2 ——c=_ 01
F
F
1 A 0,05
I o St 4
g--0----F
0 T v T 0
120 170 220 270 320
DOY
c) 51
7 0,35
6 03
5 N 0,25
g
3 3 AL IR Fl 0115
- -8 - GF CE
2 =—o—GE LR . 01
L
1 ———B———+ 0,05
QQ____Q___—-—O
0 r T T 0
120 170 220 270 320

Figure 2. The seasonal change of gap fraction (GF), leaf area
index (LAI ) and plant area index (PAI_,). 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 , and PAI_, are given on the primary y-axis and
GF is given on the secondary y-axis. Presented GF is an av-
erage over all zenith and azimuth annuli and corresponds to
the canopy openness

The fluctuations of PAI., estimates during the
vegetation period of 2011 were smaller than the fluc-
tuations of LAI .. However, the seasonal course of the
plant area index PAI., did not follow the observed
phenological phases which, on the other hand, were
in good concordance with the seasonal changes of
LAI .. The LAI , rose until the midsummer and then
started to decrease until the winter season. The be-
haviour of PAI_, was different, since the decrease
started already during May and lasted till June. From
the end of June to August, PAI_, 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 .
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After excluding the problematic LAI , values that
resulted from bad camera settings or the direct inci-
dence of the Sun, we applied the 4% order polynomial
function to describe the LAI, , and PAI_, changes dur-
ing the growing season (Figure 3). The relationship
between the two independent canopy indices LAI ,
and PAI_, was linear with the coefficient of determi-
nation R*> = 0.84 (Figure 4). The intercept in LAI -
PAI, relationship was not 0 and represents branch
area index BAI estimate (PAL_., — LAIL , = BAI).
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Figure 3. The seasonal course of LAI , and PAI_, in the
year 2011 fitted with 4™ order polynomial function
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Figure 4. The relationship between the true green leaf area
index LAI , and the plant area index PAI_,

The relationships between NDVI, canopy indices
and phenophases

The seasonal change of NDVI (Figure 5) and LAI ,
followed the main phenological phases. The bud swelling
(BS) was the first vegetative phenological phase ob-
served on beech. This phenophase started around DOY
100 when NDVI based on the satellite images was al-
ready 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, , be-
gan around DOY 106. The NDVI recorded on this DOY

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). Unfortu-
nately, 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 chang-
es in canopy transmittance in this period. At the end
of the spring phenophases, in the period from LU
(DOY 123) to the phenophase FLU , (DOY 159), a
slight increase of NDVI from 0.87 (s, = 0.009) to 0.92
(s,=0.010) and LAI , were still recorded. The maxi-
mum LAI , values were recorded during FLU,  phen-
ophase (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, =1 day).

After reaching the full leaf area, forest NDVI val-
ues started to decrease already in the summer, and in
the middle of August (DOY 222) NDVI decreased to
0.9 (s, = 0.007). Similar pattern was revealed also for
LAI , 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 LC, and
LC,, occurred earlier than in other stands (Table 4).
The latest onset of leaf colouring was observed in
stand 619, where LC, 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 imag-
ination of the autumn phenological situation we
present a comparison for DOY 290: in stand 531 NDVI
= 0.74 during LC, while in stand 619 NDVI = 0.79 was
during LC, . LAI , values decreased simultaneously
with the drop of NDVI, although the phenophase LF
started on DOY 290 on average (s, = 5.2). The decrease
in LAIL , before the phenophase LF  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 in-
creases 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 ) 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, and LF , was
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quite similar in all stands (Table 4). The phenophase
LF,, started around DOY 304 and LF was observed
around DOY 316. After LF  and before the snow cov-
er, NDVI decreased to the stable value, NDVI = 0.54
(s, = 0.016), on average, and LAI,  dropped to its min-
imal value.

The seasonal course of PAI., differed from the
seasonal course of NDVI during the transition from the
spring to the summer, as PAI_, started to decrease
already after LU . However, at that time NDVI still
showed a slight increase. In the autumn, the seasonal
courses of NDVI and PAI_, were similar.

LAI , had strong linear relationship with NDVI
described by the coefficient of determination, R? = 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 dur-
ing spring phenophases and were decreasing during
autumn phenophases. In the spring, the enlarging of
leaf area expressed by LAI , was coupled with the
increasing of greenness captured by NDVI. In the
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Figure 5. The seasonal course of NDVI during the year of
2011 fitted with 4™ order polynomial function
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Figure 6. The relationship between LAI ,, PAI ., and NDVIL
LAI ., = 8.573NDVI - 2.84, R> = 0.85, PAl ., = 6.279NDVI
- 1.409, R = 0.82

summer after FLU,  both indices slightly decreased.
In the autumn NDVI and LAI, , simultaneously de-
creased. Although seasonal courses between PAI , and
NDVI differed, the coefficient of determination ex-
pressing the linear relationship between these two
indices was also high, R?>= 0.82 (Figure 6). We dis-
covered no significant difference between the coeffi-
cients of determination of LAI, , to NDVI relationship
and PAI ., to NDVI relationship.

Assessment of NDVI time series based phenology
metrics

All the used methods provided estimate of green-
up 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 on-
set of LU . The season maximum as calculated by
phenex varied in a great extent depending on data fit-
ting method. The earliest estimate of the season max-
imum was on LU 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 giv-
en by TIMESAT (Table phenometrics). Only DLogis-
tic and SavGol data fitting methods in phenex pro-
duced 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.

Discussion and Conclusions

Satellite remote sensing provides a unique oppor-
tunity to monitor vegetation phenology over large
areas. For the correct interpretation of the remote sens-
ing 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 reflect-
ance and also an indicator of phenology. We used two
different methods, LinearRatio and subjective pixel
classification, to estimate the canopy transmittance of
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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
phenex Curvature TIMESAT
Metric LinlP Spline DSig DSigC DLogistic Gauss Growth FFT SavGol K’ Logistic  SavGol
509 gre 34 34 17 89 101 57 25 89 94 100 97 100
mat - - - - - - - - - 124 - -
max 139 139 211 149 170 204 201 238 143 - - -
sen 364 364 364 364 364 349 364 330 363 269 - -
dor - - - - - - - - - 316 315.1 321
514 gre 97 97 17 95 103 60 26 84 95 101 96.4 101
mat - - - - - - - - - 124 - -
max 146 146 210 156 167 202 201 239 145 -
sen 364 364 364 364 333 343 364 329 350 269 - -
dor - - - - - - - - - 315 315.9 317
531 gre 57 57 17 89 105 61 26 92 78 103 97 103
mat - - - - - - - - - 124 - -
max 139 139 208 149 161 200 200 158 151 - - -
sen 356 356 363 364 322 339 364 329 341 266 - -
dor - - - - - - - - - 316 315.7 320
541 gre 45 45 17 87 104 64 26 9 65 105 95.2 103
mat - - - - - - - - - 122 - -
max 146 146 209 156 161 199 204 173 150 -
sen 333 333 354 317 315 334 354 329 319 270 - -
dor - - - - - - - - - 315 315 308.6
619 gre 70 70 17 89 96 60 25 37 78 97 99.4 96.4
mat - - - - - - - - - 125 - -
max 146 146 210 156 179 200 205 174 157 - -
sen 326 326 355 320 316 338 354 324 317 274 - -
dor - - - - - - - - - 316 3134 307.

mature beech forests from hemispherical images over
the vegetation period. The transmittance based LAI, ,
and PAI_, were regressed to NDVI from satellite-borne
MODIS images.

The NDVI values during the growing season were
analysed according to tree canopy foliage phenolo-
gy. The onset of phenological phases in a forest is
usually identified using the phenological metrics that
are based on the inflection points (Fisher and Mus-
tard 2007) or the maximal rate of change in the curva-
ture of the smoothing functions (Zhang et al. 2003, Ahl
et al. 2006, Ganguly et al. 2010). In this study, howev-
er, we were interested in specific NDVI values in rela-
tion 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 phenologi-
cal escape of the understory vegetation and under-
growth (Brandysovd and Bucha 2012). The pheno-
logical phases of the beech forest understory begin
before the phenophases of canopy trees: a strategic
approach to utilize the temporary favourable microcli-

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 condi-
tions and forest structures. However, after the bud-
burst the relationship between NDVI and the phen-
ophases 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 ob-
served in the early autumn after beginning of leaf
yellowing.

The MODIS NDVI followed the phenological phas-
es of foliage during the growth season and indicated a
strong linear relationship with LAI , and PAI .. For ex-
ample, Wang et al. (2005) detected strong linear rela-
tionships between LAI , and NDVI only during the
periods of leaf production and leaf senescence. Wang
et al. (2005) stated that the relationship was poor dur-
ing the period of maximum LAI , apparently due to the
saturation of NDVI at the high values of LAI .. One of
the most interesting findings in our study was that the
relationship between NDVI and LinearRatio-based LAI
did not saturate at the high values of LAI .. Many
authors (Liideke 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 LAI
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reaches the value over 2(3). Our results revealed, that
NDVI of beech stands was increasing until LAI .
reached the maximal area, and NDVI started to decrease
already in August with decreasing of LAI .

The coefficients of determination calculated in our
study were 0.85 between LAI , and NDVI, and 0.82
between PAI. and NDVI. However, the overestimation
of canopy transmittance and consequent underestima-
tion of the area covered by forest canopy at high PAI_,
values in subjective classification of hemispherical
image indicated, that LinearRatio based methods
should be preferred for canopy transmittance measure-
ments. These phenomena were clearly visible in LAI .
to PAI_ regression and their relationship with NDVIL.
Many of the existing studies suggested various
shapes of relationships between LAI and NDVI. Com-
paring 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? = 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 Flori-
da 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 thresh-
olding 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 assump-
tions are seldom fulfilled. There are usually random
fluctuations and systematic changes in sky radiance
under both overcast and near sunset or sunrise con-
ditions and the hemispherical lenses or converters on
digital cameras have significant vignetting (Lang et al.
2010). Although LinearRatio method of canopy trans-
mittance 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, , showed a very
good agreement with the occurring phenological phas-
es, PAI_, values did not, since the PAI_, seasonal
course differed from the phenological situation espe-
cially in the transition period from spring to summer.
These findings were similar to the results of Pavlendova
et al. (2009), who derived the seasonal course of effec-
tive LAI (LAI) for stand 541 in the 2009. Pavlendova
et al. (2009) analysed hemispherical photographs in GLA

software using subjective tresholding and found the
same drop of LAI in spring as we revealed for PAI_,.
However, such an early decrease in the canopy indices
based on the subjective thresholding cannot be ex-
plained with any of our field observations of the phe-
nological situation after the end of leaf unfolding. We
conclude that the operator’s subjective decision distorts
the estimates of structural information from hemispher-
ical images and such methods are not suited for phe-
nological studies of forest stands.

The decrease of PAI_, after the phenological
phase LU, 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, , 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, . should not decrease. In our test stands it took
up to one month to reach the phenophase FLU .
During this period the NDVI values of test forests
derived from MODIS images continued to increase,
which was in correspondence to the results from
Brandysova and Bucha (2012), who used spectroradi-
ometer LI-1800 with integration sphere 1800-12 and re-
vealed increasing NDVI of beech leaves from DOY 123
with average NDVI 0.71 (s, = 0.023) to DOY 159 with
average NDVI equal to 0.79 (s_= 0.015).

In our test forests, the leaf area index and NDVI
started to decrease after DOY 170 (FLU ). Garcia-Pla-
zaola and Becerril (2001) examined the pigments in
Mediterranean beech leaves and found that the pig-
ment content decreased progressively during the sum-
mer in sunlit leaves (leaves exposed to the sun) and
remained stable in shaded leaves (Ieaves underneath
the sunlit leaves). Garcia-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 (Garcia-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.
Espana et al. (2008) discovered potential strong un-
derestimation 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. Simi-
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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 di-
rect 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 can-
not 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 esti-
mated 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 phenolo-
gy 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 phe-
nology 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 applicabili-
ty 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. Howev-
er, the estimation of canopy indices can be performed
in existing software like CanEye, which can directly use

canopy transmittance data. For further phenological
studies that plan to use hemispherical images we rec-
ommend to store the images in raw data format as this
enables to use the LinearRatio based methods for the
canopy transmittance calculation. For phenology ob-
servation 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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CE30HHBIE M3MEHEHHWSA HWHIEKCOB NDVI, LAI U PAI OTHOCHUTEJBHO
®EHOJIOT'MYECKHUX PA3 BYKOBBIX JIECOB

B. Jlykacosa, M. Jlanr u S1. IlIkBapeHuHa
Peziome

Hactynnenne denonornueckux a3, Takux KaKk PacKpbITHE MMOYKU, Pa3BUTHE JHCTa, LIBETCHUE, TIOJOHOUICHUE H
CTapeHHe JINCTa, BHI3BAHO T'€HETHYECKU 3aBUCUMOM BHYTPEHHEH epUOIMYHOCTIO PACTUTEIBHOCTH U B 3HAUUTENBHON CTENICHU
3aBHUCHUT OT KIIMMaTHYECKHUX yCJIOBUIA. [103TOMY CpOKH HAacTyIUIeHUs (hEHOIOTHUECKUX (ha3 CUUTAIOTCS XOPOIINM HHINKATOPOM
MO CJICZICTBUI M3MeHeHus KimMara. PeHonormdeckre as3bl 3KOCHCTEM MOXKHO HaOJIOATh CO CILyTHHKOB HCIIOJB3Ys N3MEHEHHS
B CIICKTPAIBHOIT SIPKOCTH, KOTOPasi ITIABHBIM 00pa3oM 00yCIOBIICHA ONTHYECKIMI CBOHCTBAMH, PACIIONIOKEHUEM U IUIOMIABIO
JIHCTa.

B 3ToM ncenenoBaHuK Mbl MCTONb30Banu BereraunoHHsii nuaeke NDVI (Normalized Difference Vegetation Index) B
KayeCTBEe MH/ANKATOpa CE30HHOH JTUHAMUKK OYKOBBIX JIecoB (Fagus sylvatica L.) Ha 5 mpoOHBIX tomansx B CroBakuu. Mel
IpOaHaIM3UpoBaIy (eHomornueckre ¢as3pl Ha KKIOH MpoOHOH IIIomany B TeYeHHE OJHOTO BEreTallMOHHOTO IEpHOJa,
HCTIONB3YS TPH pa3HbIX moaxona: 1) deHomornueckue HabmoneHus Ha Mecte, [I) mudpossie momychepude ckue n300paxeHus,
CHATBIE, 4TOOBI OXapakTepru3oBath u3MeHenus auctoBoro uHaekca LAI (Leaf Area Index) u nungexca PAI (Plant Area Index),
[1I) Bereranuonubiii uHIeke NDVI, BEIYHCIIEHHBIH HA OCHOBE KOCMHYECKHX JaHHBIX paanomerpa MODIS. OueHku nHAECKCOB
LAI u PAI HanpsiMy!o 3aBHCAT OT TOYHOCTH OLIEHHWBAHUS JOJIU MPOCBETOB B mosore (koddduuueHT nmpo3padHoCTH),
MOJTYYCHHBIX C IOITyc(epHIecKuX CHUMKOB. TakuM 00pa3oM, MBI IPOBEPHIH KIACCU(HKAIHMIO ITHKCENICH, OCHOBAaHHYIO Ha
CyOBEKTHBHOM pEIICHHH OIlepaTopa, M HEAABHO HPEIOKEHHOM JIHHEHHOM MpeoOpa3oBaHUM AAHHBIX HEOOPaOOTaHHOTO
cuuMka (LinearRatio), koTopoe, kak OBLIO BBISBIECHO, MPUBOIUT K CONMOCTAaBUMBIM pe3ylbTaTaM ¢ Haubosiee 4acTo
HCIIOJIb3YEMbIMU aHAJIU3aTOPAMU 110JIOTa PACTUTEIBHOCTH.

Pesynbrars! nokasanu, 4to 3HadeHuss NDVI uyTko pearnpoBaiy Ha H3MEHEHHUS BET€TAI[HOHHBIX (DEHOJIOTUUECKUX (ha3.
HanGonee 6vicTpoe yBennuenne NDVI Ov10 3adukcupoBano Bo Bpems (asbl pa3BopadmuBaromerocs yucra. Ilocie
JOCTIDKEHHST MakcuMyMa 3HadeHns, NDVI Ha Bcex MpOOHBIX IUIOMAAAX HAYaINd MEIICHHO CHI)KATHCS B TEUECHHE JICTHETO
neproja. 3a 3THM IOCIIe0BaIo OBICTPOE CHIDKEHUE 3HAUYCHUI OCEHBIO BO BpeMs (asbl cTapeHus ucta. OCHOBHBIC H3MEHEHHUS
uaaekca NDVI xoporro 00biICHSAIOTCS U3MeHeHus MU UHAekca LAI, onHako, BausHue metona oieHku LAI Obu10
3HaunTeNbHBIM. Koaddunuent nmpo3payHoctn moiora, BEIYUCICHHBEIH ¢ CyObEKTHBHO KIACCH(MUIMPOBAHHBIX IOIY-
ceprueckux n300pax eHUH, HavyaJl YBEIIMIUBATHCS YKE B Mae, TOT/A KakK JIOJIs TPOCBETOB B IIOJIOTe, BHIYMCICHHAS TI0 METORY
LinearRatio, mpomomkaina yMeHBIIATHCS 10 KOHIIA HIONS, YTO HAXOAUTCS B COOTBETCTBUY C JAHHBIMU HATYPHBIX HAOMIONCHUH.
Onenku LAI mpu ucnonb3oBanun Metona LinearRatio s BeIYMCICHHS TOTM MPOCBETOB B IOJIOTre HE 3aHKCHPOBAIN
HacbleHHOCTH cBsa3u Mexay NDVI npu Beicokux 3HaueHusix LAI (LAI > 3), kak Ha 3TO yKa3bIBalOT MHOTHE aBTOPHI.
CornacHo HammM pesynsraraM, MODIS NDVI moxer nucrnons3oBarbest Asl HaOMIOASHUST (PEHOJOTHUECKUX (a3 3petbix
OyKOBBIX JiecoB. Iyt BEraucieHus koaddumrenra npo3padHo cTH, KOTOPHIi TpedyeTcs It OIeHKH IucToBoro nujaexca LAI ¢
noycheprde cCKIX n300paskeHNi, MBI PEKOMEHIyEeM HCIIOIb30BaTh METOANKY, Oazupylomuecs Ha LinearRatio.

KmoueBble cioBa: 6yk, NDVI, LAI, PAI, denonorudeckue hasni
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