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Abstract

Ground-based estimates of leaf area indices (LAI) of forest canopies and understorey vegetation in Jdrvselja, Estonia
were derived from measurements by the plant canopy analyzers LAI-2000 and hemispherical photographs as well as via
allometric relations from traditional forest inventory variables from a forestry database. Regressions of LAI with the
SPOT and Landsat satellite image-derived reflectance factors and combined indices were established. The LAI values
correlated the best with the reduced simple ratio index defined by the red, near and middle infrared bands. The standard
error of the estimate of all regressions between the LAI and satellite image-based variables is about 1.5 units or higher.
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Introduction

Leaf area index (LAI) was first defined in 1947 as
the total one-sided area of photosynthetic tissue per
unit ground surface area (Watson 1947). The LAI of
vegetation depends on species composition, develop-
mental stage, prevailing site conditions, seasonality,
and the management practices (Jonckheere et al. 2004).
LAI is a key structural characteristic of forest ecosys-
tems because of the role of green leaves in control-
ling many biological and physical processes in plant
canopies. Accurate LAI estimates are required in stud-
ies of ecophysiology, atmosphere-ecosystem interac-
tions, and global change (Chen ef al. 1997).

LAI values can be obtained using direct or indi-
rect ground based methods or from remote sensing
products (Jonckheere et al. 2004). Among direct LAI
measurement methods are harvesting techniques such
as destructive sampling and the model tree method.
Non-harvesting method is using litter traps for decid-
uous forests during leaf-fall periods in autumns (Chen
et al. 1997). Direct LAl measurements are the most
accurate in principle, but they have the disadvantage
of being extremely time-consuming. Time-consuming
makes large-scale implementation of direct measure-
ments only marginally feasible; however, direct meth-
ods can be considered important as calibration meth-
ods (Jonckheere et al. 2004).

Indirect methods, in which leaf area is inferred from
observations of another variable, are generally faster,
amendable to automation and thereby allow for a larger
spatial sample to be obtained (Jonckheere ef al. 2004).
Allometric relationships to estimate LAI can be ob-
tained by destructively sampling trees and determin-
ing the biomass and area of various components, or
they can be obtained from other studies (Marklund
1988, Chen et al. 1997).

Indirect non-contact LAI measurement methods
(optical methods) are based on the measurement of
light transmission through canopies. There are two
main categories of instruments developed to indirect-
ly assess LAI of plant canopies. First group contains
instruments that are based on gap fraction analysis:
the DEMON (CSIRO, Canberra, Australia), the Sunfleck
Ceptometer (Decagon Devices Inc., Pullman, WA,
USA), the LAI-2000 Plant Canopy Analyzer (Licor Inc.,
Nebraska) and the Multiband Vegetation Imager (MVI)
developed by Kucharik and Norman (1996) and hemi-
spherical canopy photography (Evans and Coombe
1959, Anderson 1964). Second group contains instru-
ments that are based on gap size distribution: the
Tracing Radiation and Architecture of Canopies
(TRAC) (39 Wave Engineering, Ontario, Canada) and
hemispherical canopy photography.

The monitoring of Earth‘s biosphere is one of the
most important objectives of modern remote sensing.
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Global assessment of different biosphere param-
eters is a target for scanner systems like MODIS,
MERIS, MISR, SEAWIFS, VEGETATION efc. The
coarse resolution MODIS vegetation products are
being used by scientists from a variety of disciplines,
including oceanography, biology, and atmospheric
science (http://modis.gsfc.nasa.gov/).

To test the quality of biophysical products there
are many international projects, among others the
VALERI (Validation of Land European Remote sensing
Instruments) (http://www.avignon.inra.fr/valeri/) pro-
ject. One of the objectives of the VALERI project is
to provide high spatial resolution maps of biophysi-
cal variables (LAI, fAPAR (fraction of absorbed pho-
tosynthetically active radiation)) estimated from
ground measurements to validate products derived
from satellite observations.

Spectral Vegetation Indices

Remote sensing provides the only feasible way
for the estimation or monitoring of LAI over large ter-
ritories. Models developed for application of remote-
ly sensed optical data rely on physically based rela-
tionships between the LAI and canopy spectral reflect-
ances, typically expressed in the form of spectral veg-
etation indices (SVI). SVIs in use for the estimation
of canopy parameters attempt to enhance the spectral
contribution of vegetation while minimizing those from
the background (Stenberg et al. 2003). For estimation
of green vegetation LAI, SVIs based on the ratio or
some combination of red (RED) and near-infrared (NIR)
reflectance, such as the simple ratio (SR) or the nor-
malized difference vegetation index (NDVI), are com-
monly used. The indices are preferably calculated from
top-of-canopy level reflectance (R) values in the NIR
and RED bands.

SR=R,;/Rypp» (D

NDVI = (RNIR_RRED)/ (RNIR+RRED)' 2

However, there is often considerable scatter evi-
dent in the relationship as influenced by the type and
amount of forest understorey or background (shrubs,
grasses, moss, lichen or soil) observed by the sensor.
The amount of background observed through a for-
est canopy is mainly determined by canopy cover. To
compensate for differences in canopy cover and back-
ground reflectance, studies have used additional short-
wave infrared (SWIR) reflectance to derive an index
termed the reduced simple ratio (RSR):

RSR = RNIR/RRED [1- (RS\MR_ RSWlRmin)/( stmmux' RSWlRmin)]’ (3)
where R

swirmae A0d R o were represented by the
largest and smallest reflectance values in the SWIR
band (Brown ef al. 2000).

Alternatively, the SWIR band has been included
in another simple ratio index ISR which was demon-
strated by Ahren et al. (1991) and Fernandes et al.
(2004) to be in good correlation with LAI:

ISR = RNIR/RSWIR (4)

In this paper we used different methods to esti-
mate LAI for the forests in the VALERI test site in
Jarvselja, Estonia. LAI was derived from 1) optical
ground measurements in summers 2001- 2005 and 2)
forestry database. The aim was to assess the issues
related to the methods, to test the links of LAI to the
satellite image-derived spectral indices and their ap-
plicability to estimate LAI via remote sensing meth-
ods. A further goal is the extension of the methodol-
ogy to larger areas, such as the whole Estonia and
Baltic region.

Materials and methods

Site Description

The study area is located on the territory of the
Jarvselja Training and Experimental Forest District
belonging to the Estonian University of Life Sciences
in south-east Estonia, near Lake Peipsi. The test site
for the VALERI project where the ground campaigns
were carried out is a flat 3x3-km? square, centered at
the geographical coordinates 58°15’N and 27°28’E.
This region is mostly covered by a sub-boreal pure
and mixed forest, including both conifer and broad-
leaved deciduous trees. The dominating forest types
are birch (Betula pendula, B. pubescens) forests grow-
ing on the Filipendula site type and (drained) eutroph-
ic swamps, Norway spruce forests growing on Oxa-
lis-myrtillus, Filipendula site type and drained Oxa-
lis swamps, black alder (4/nus glutinosa) forests grow-
ing on Filipendula and drained swamps and Scots pine
forests growing on Oxalis-myrtillus, Oxalis-Rhodo-
coccum and drained Oxalis swamps. Forests are man-
aged according to regular practice in Estonia and near-
ly 14% of the area of the VALERI test site are regen-
erating stands where tree layer is sparse or trees are
small. Agricultural fields are almost missing within the
test site but few unmanaged open areas are present.
Last regular forest inventory in Jarvselja Training and
Experimental Forest District was carried out in 2001.
An outcome of the inventory was the database with
descriptive characteristics of forest stands and a dig-
ital map of stand borders.

Subsets of forest data for the analysis
In addition to ground-based sample plot data, three
larger subsets of stands were chosen for the analysis.
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From the forestry database by means of SQL-queries
75 spruce, 56 birch and 61 pine dominated stands were
selected. In addition to selecting stands with fixed main
species, the following conditions superimposed in the
queries were: the main tree species percentage>75%,
stand size>1ha (spruce), >2ha (pine), >3ha (birch). The
stand average reflectance factors and vegetation indi-
ces for the queried stands were extracted from the sat-
ellite images by the PixelWin program (Liikk 1999) with
the help of digital map of stand borders over Jéarvselja.
We studied the relations between the allometric tree-
layer LAI (LAL ) and total LAI (LAL__) with the im-
age-derived reflectance factors and indices SR, NDVI,
ISR and RSR. The statistical analysis was performed
using the STATISTICA (vers5.0) programme.

Leaf area index measurements

Ground measurements by means of plant canopy
analyzers (PCA) were made on 50-70 sample plots on
summers 2001, 2002, 3003 and 2005. Plot centers were
located at least 50m from the stand edge, their loca-
tions measured by tape from stand edge and marked.
The coordinates of plot centers were measured on the
digital stand map and later checked by means of a GPS
instrument. The uncertainty of plot center location was
less than half of the SPOT pixel — 10m. Two types of
PCA were used, LAI-2000 and hemispheric canopy pho-
tography. Sample plots were chosen to be represent-
ative for the whole 3x3 km area according to the un-
supervised classification of Landsat ETM+ image from
10 July 1999. The same plots were mostly re-meas-
ured each year. A general description of the selected
stands is given in Table 1. According to the method-
ology accepted in the VALERI project (http://
www.avignon.inra.fr/valeri/), LAI-2000 measurements
were made at points displaced by 4m, 8m and 12m from
the centre of the plot in each geographic direction, in

Table 1. A short summary of forestry data of the stands
sampled in the course of ground-based PCA campaign in
Jarvselja

Dominating Age, years Orlov (1929) Basal area, m/ha

species site index

Birch 5-65 1-3 43-31.8
Black alder 5-65 la-3 0.2-294
Pine 65-175 la-2 26-31.5
Spruce 20-68 1-4 8.2-28.3
Mixed 17-75 1-5 6.2-29
Clear cut 0-8%* 1-5 0

*Time (in 2005) in years from clear cutting

the fixed sequence N-S-E-W. At each point, 4 records
at the ground level and 4 records at the breast-height
level (1.3 m) were collected within the distance of 1m.
In total, on a sample plot 96 LAI-2000 readings were
taken (3x4x4x2=96). The sensor was partly screened
with the 180° mask to avoid the influence of the oper-
ator, and was always oriented with the sun in the back
of the operator to avoid the influence of direct solar
radiation.

The reference measurements (above canopy) were
acquired in an automatic procedure (each 30s) by an-
other LAI-2000 instrument displayed in an open area
(clearing) close to the sample plots. The reference
sensor in the open was operated with the 180° mask,
too. The LAI-2000 analyzers were regularly inter-cali-
brated (4-6 times a day) in an open place, and the
calibration coefficients were taken into account when
calculating the gap fractions.

Hemispherical canopy photography

During the campaign, hemispherical photographs
were recorded with Nikon CoolPix 4500 digital camera
supplied with fisheye converter (FC-ES8). Images were
recorded at each LAI-2000 measuring location at ap-
proximately breast height level (1.3m), camera optical
axis pointed to zenith and camera oriented in N-S di-
rection. The images were stored into JPEG format us-
ing 1600x1200 pixels size. Camera was operated in the
aperture priority mode. Point light measurement mode
was used with exposure locked at slightly below the
sky-canopy border which seemed to attain the best ex-
posure for the entire canopy. To avoid scene under-
exposure and local sensor saturation by directly look-
ing at the Sun, whenever it was possible recording
location was shifted (+/- Im) so that the Sun was
blocked by a near-by tree trunk.

The processing of hemispheric images was done
by means of the CAN_EYE software (http://www.
avignon.inra.fr/can_eye/). From the program output the
average fraction of canopy gaps as the function of
view zenith angle with the angular step of 2.51 was
used. To reduce the subjectivity of processing, three
independent operators analyzed the whole set of im-
ages and later the averaged gap fraction over all op-
erators was used for the subsequent analysis. As the
output from both PCA methods, the angular distribu-
tion of the canopy gap fraction was used to derive the
LAI The angular distribution of gap fraction was av-
eraged over all photos taken on the plot (see an ex-
ample on Figure 1). Similarly, the average gap fraction
angular distribution for a plot was obtained from the
LAI-2000 measurements. Finally, the average angular
distribution of gaps obtained by the two methods was
used to estimate LAI of the plot.
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Figure 1. An example of the measured canopy gap fraction
as a function of view zenith angle determined from hemispheric
photos by three operators (Opl, Op2, Op3), by means of
LAI-2000 PCA and as the average of both methods

Derivation of LAI from gap fraction data

The default procedures in the LAI-2000 PCA and
CAN_EYE for processing the hemispheric photos cal-
culate the so-called effective plant area index. The
latter includes the LAI of the tree layer, but also the
woody part and is biased due to foliage clumping. In
this study, our aim was to estimate the ‘true’ green
LAL

The average gap fraction data for a sample plot
was inverted for LAI using the theoretical gap frac-
tion formulas from Nilson (1999) and Nilson and Ku-
usk (2004):

22

J S(Q)ln[l = exp[(l ~£)na(6)/ NS (@ )]}:056 sin6df (5)

K+a 9 1-¢

LAI=_2N

where N is the stand density (trees/m?), x - the shoot-
level clumping factor, « - the branch area to leaf area
ratio, S(6) - crown envelope projection area (m?) on
the horizontal plane in the direction with the view zenith
angle 6, £ - Fisher’s grouping index of the tree distri-
bution pattern, a(6) — the measured fraction of cano-
py gaps at the view angle 6. To apply Eq. 5, estimates
of N, k, «, as well as tree crown dimensions (crown
radius R and depth L ., tree height H, breast-height
trunk diameter D, ) to calculate the crown projection
area should be known. The dimensions, not directly
included in the database (crown depth and radius) were
calculated via regressions on the measured variables,
like D, ; and H (see also Lang et al. 2007). Two possi-
ble crown forms were used, an ellipsoid for decidu-
ous species and a cone on top of a cylinder for con-
ifers. Fisher’s grouping index £ was approximately cal-
culated from the relations

¢, =-In(1-C_,)/C,,) and ¢, = -Ini/(I- D), (6)

CAN

where C_, is the crown cover (sum of vertical crown
projection areas per unit ground area) and C_, the
canopy cover (sum of vertical crown projection areas
per unit ground area, overlapped areas counted only
once). Crown cover was estimated by knowing the
stand density and (effective) crown radius. Canopy
cover estimate was derived from the gap fraction val-
ue estimated in the uppermost ring of LAI-2000 instru-
ment and correcting for the transparency of a single
crown (Nilson and Kuusk 2004).

In practical calculations, before applying Eq. 5, the
role of tree trunks in the measured gap fraction a(6)
was eliminated. It was done applying the respective
theoretical formulas describing the shadowing role of
tree trunks (Nilson and Kuusk 2004) by using the trunk
projection areas calculated by knowing the trunk di-
ameter D, , and tree height H together with the spe-
cies-specific trunk tapering curves by Ozolins (2002).

Satellite Data

SPOT 4 HRVIR images over Jarvselja from 4 July
2001, 13 July 2002, 26 June 2003 and Landsat 7 ETM+
image of 5 July 2005 were used in the study. All spec-
tral bands of SPOT4 HRVIR were used XS1 (green):
500-590, XS2 (red): 610-680, XS3 (near infrared): 780-
890, XS4 (middle infrared): 1580-1750nm while from the
Landsat 7 ETM+ image — three bands TM3 (red): 630-
690, TM4 (near infrared): 780-900, TMS (middle infra-
red): 1550-1750nm. All images were georeferenced into
the Lambert-Est 1992 coordinate system using an in-
dividual set (from 40 to 50) of control points with re-
sidual location error in all cases less than 0.5 map unit
size of a pixel. All images were further transformed into
the top of canopy reflectance factor units by using
the atmospheric correction by the 6S algorithm (Ver-
mote ef al. 1997). The set of images in use belongs to
a larger set of Landsat and SPOT images over Jarvselja
forming an image series over years 1986-2007. A
smoothing of the image calibration coefficients was
applied (Nilson et al. 2007) to the whole set of imag-
es. As a result, reasonably smooth seasonal reflect-
ance course of different types of forest was obtained
and the midsummer reflectance factors of the same
forest types from different years used in this study
became well comparable in their absolute values and
spatial variability. In this study, we have focused on
LAI distribution during midsummer (July) that should
coincide with the maximum photosynthetic capacity of
the vegetation being observed.

Allometric LAI
Tree-layer leaf area index (LAI ) estimate was
added into the forest inventory database. Allometric
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regression models from Marklund (1988) were used to
estimate foliage dry mass per tree. LAI for the stands
was calculated from mass via specific leaf weight (SLW,
g/m?) and number of trees per hectare (N). The used
SLW values are given in Table 2.

Table 2.The species specific SLW values used in the deriva-
tion of leaf area from leaf weight data

Species SLW (g m™)
Pinus sylvestris' 167
Picea abies 151
Fraxinus exelsior’ 83.3
Populus tremuld’ 86.9
Alnus glutinosa2 77.5
other deciduous species2 75.8

! Smolander and Stenberg (1996)
? Niinemets and Kull (1994)

Arguments for foliage mass models were forest
inventory variables tree height (H), tree trunk diame-
ter at breast height (D, ) for conifers and additionally
tree crown depth (L ) estimate for deciduous trees
calculated as

L,,=1n(0.5525 HID, ,+ exp(0.7032 In(D, )))). (7)

Lang et al. (2007) tested several allometric foli-
age mass models including those of Marklund (1988)
and found that the models including H and L, as an
argument in addition to the traditional D, can be
considered slightly more independent of the growth
conditions compared to pure D, based models. By
including H and L, the information about crown en-
velope volume is taken into account which is well re-
lated to the foliage density and stand density. Pure
D, ,based models, ignore stand density effects and
tend to give wider range for foliage mass estimates on
the same dataset.

Ground vegetation LAI was calculated into the
database according to the regression equation

LAI . ~=-0.2064 LAI _ +1.609, ()

which is based on our results of LAI-2000 meas-
urements at the breast-height and ground level car-
ried out in Jarvselja during the VALERI campaign
in 2002.

Results

PCA LAI versus allometric LAI

Figure 2 represents the correlation diagram of tree
layer LAI estimates as obtained from the ground-based
PCA measurements in 2005 and allometric LAI. Since
the forestry database is from 2001, the stands where
after the year 2001 clear cutting occurred were excluded
from the analysis. No systematic differences between
deciduous, coniferous and mixed forests could be
noticed. Regression between allometric LAl and PCA
LAI is quite good (r>=0.59, standard error of the esti-
mate (SEE)=0.94). Results of similar quality were ob-
tained when the LAI-2000 PCA data of the 2002 cam-
paign were analyzed and compared with the allomet-
ric LAI. This fact gives us an encouragement to use
the allometric LAI to establish and test relationships
between different satellite image-derived quantities and
LAI In this case the analysis could be performed on
considerably larger data sets compared with rather lim-
ited amount of sample plots available in ground based
PCA measurements.

LAI, PCA
IN

O Deciduous
© Coniferous
X Mixed

0 2 4 6 8
LAl, allometric

Figure 2. Scatterplot of canopy LAI values derived via al-
lometric relations and from PCA measurements (2005). Er-
ror bars represent the standard error of the estimate by dif-
ferent PCA

Allometric LAI versus satellite image derived

reflectance

Spectral reflectance factors and vegetation indices
were tested for their sensitivity to both the allometric
canopy LAI___and total LAI__ (canopy + understorey).
Since the results were rather similar, in this study we
present figures on LAI __, only. The reflectance factors
in all SPOT 4 HRVIR spectral bands showed a decreas-
ing trend with increasing LAI (Figure 3a-3d) and an in-
crease in all the indices ISR, RSR, SR and NDVI (Figure
3e-3h).
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Figure 3. Relationship between LATL ., with SPOT 4 HRVIR reflectance factors in bands 1, 2, 3 and 4 as well as ISR, RSR,
SR and NDVI indices for spruce, pine and birch dominated stands in Jérvselja. The SPOT image is of 4 July 2001. Bands:
XS1 - green (500-590nm); XS2 - red (610-680nm); XS3 — near infrared (780-890nm); XS4 - middle infrared (1580-1750nm)

I 2008, Vol. 14, No. 2 (27) I  (sSN 1392-1355
190



BALTIC FORESTRY

I LEAF AREA INDICES OF FOREST CANOPIES FROM OPTICAL MEASUREMENTS [ /. KODAR ET AL [N

The relationships between the LAI and reflect ance
factors R -R, or indices ISR, RSR are slightly non-linear
(Figure 3), an exponential relationship appears to be more
appropriate than the linear. The reflectance in the near
infrared band (Figure 3c) appears to be relatively insen-
sitive with respect to LAI. Multiple linear and exponen-
tial regressions were also applied and the summary re-
sults are given in Tables 3 and 4. All the indices had pos-
itive correlation with LAI but differed with respect to their
predictive power and by the sensitivity to changes in
LAIL RSR correlated slightly better with LAT (R?=0.58)

than did ISR (R?>=0.41) while NDVI had a poor correla-
tion (R*=0.15). According to our data, RSR seems to the
best remote sensing index among single predictors for
the LAI The best regression was obtained when we used
reflectances in all spectral bands and also included both
indices (R>=0.62, SEE=1.27). However, the standard er-
ror of the estimate was still quite large. When the simi-
lar analysis was performed for the year 2005, weaker
correlations were obtained (R*=0.52; SEE=1.44), most
probably caused by the fact that the database was some-
what out of date by that time.

Table 3. Multiple linear regression summary in 2001. Model: y=B0+B1 x1+B2 x2+...
BO-intercept, Bl-reflectance XS1, B2-reflectance XS2, B3-reflectance XS3, B4-reflectance XS4, B5-RSR, B6-ISR, R%- part

of variance explained, SEE- standard error of the estimate

Dependent BO B1 B2 B3 B4 B5 B6 R* SEE

variable

LAl-total 9.537 -139.086*  100.719* 23.193 -63.058* 0.53 145
-5.370 -80.934 91.105 -27.924%  48.096* 0.406* 4.363* 0.62 1.31

LAI-trees 9.724 -174.295%  127.981% 28.833 -77.525% 0.54 1.73
-7.751 -101.703 115.752 -30.893*  52.323* 0.492*% 4.996* 0.63 1.57

*significant at 0.05 level

Table 4. Exponential regression summary in 2001: model y=C+exp(B0+B1*x1+B2*x2 ....). Coefficients B1l-reflectance XS1,
B2-reflectance XS2, B3-reflectance XS3, B4-reflectance XS4, B5-RSR, B6-ISR, R2- part of variance explained, SEE- stand-
ard error of the estimate. Lines represent different combinations of spectral bands and indices used in the regression

Regression C B R SEE

Exponential BO B1 B2 B3 B4 B5 B6

LAl-total  2.523 4.212 97.715 0.42 1.59
3.080 4.625 -187.18 0.54 1.41
-45.030 3.970 -0.194 0.09 1.99
2.562 3.341 -19.182 0.42 1.59
-0.155  0.792 0.102 0.58 1.35
-18.010 2.768 0.172 0.41 1.59
2.792 3.844 -36.099 -48.066 7.136 -22.199 0.62 1.29
1.715 1.151 -18.235 15.964 0.651 -6.599 0.119 -0.019 0.63 1.27

LAl-trees  1.060 4.260 -91.653 0.42 1.91
1.825 4.696 -179.50 0.54 1.71
-59.190 4.204 -0.184 0.09 2.40
0.956 3.368 -16.977 0.42 1.91
2512 1.120 0.095 0.59 1.61
24.670  3.005 0.168 0.42 1.92
1.389 3.862 40.237 -33.930 7.320 -21.952 0.62 1.55
0.519  1.275 -17.642 18.839 0.268 4.567 0.104 0.045 0.63 1.53
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PCA LAI versus image derived RSR index

In Figure 4, the results of ground based LAI meas-
urements made on sample plots in different years are plot-
ted against the RSR index estimated for the same stands
from the satellite images of the respective year and a sum-
mary of regressions is given in Table 5. For comparison,
the regression between the allometric LAI and RSR of the
year 2001 is given. This regression shows somewhat higher
slope as compared with the PCA LAI regressions. A pos-
sible conclusion that could be drawn is that the used al-
lometric relations tend to slightly overestimate LAI, es-
pecially in denser forests. As it can be seen, the regres-
sions in different years are somewhat different. The non-
linearity of the relation, that was present in Figure 3, is
not obvious. When to use regressions from Figure 4 to
estimate forest LAI from satellite images, the uncertainty
of the estimate remains quite high.

10
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R2=0.735 X . ¢ 2001
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Figure 4. Scatterplot between total LAI from ground-based
measurements and satellite image-derived RSR index. Differ-
ent kind of symbols correspond to different year campaigns.
The regression equation in the figure is for the 2001 campaign.
The dashed line corresponds to the regression line for the 2001

image and LAL  as determined via allometric relations

Table 5. Linear regression summary of LAl as measured
during ground campaigns on the RSR index measured from
the satellite images of different years. R>- part of variance
explained, SEE- standard error of the estimate

Campaign year ~ Slope Intercept R’ SEE
2001 0.4071 0.802 0.735 092
2002 0.4327 0.689 0.692 1.10
2003 0.2765 2.171 0.498 1.00
2005 0.2108 2.589 0.328 0.99
All years 0.3195 1.647 0.531 1.06
Allometric 2001  0.5274 0.856 0.567 1.62

Discussion and conclusions

The results obtained mostly confirmed the earlier
results in the boreal forests (Chen et al. 2002, Sten-
berg et al. 2004, Rossello 2007). Single band reflect-
ances, especially in the green, red and middle infra-
red regions correlate reasonably well with the forest
LAI RSR index performs somewhat better than the ISR
index and considerably better to estimate the LAI than
the widely used NDVI. The relation between LAI and
RSR index was less sensitive to dominating tree spe-
cies if compared with the relation between LAI and ISR
index. The conclusion was drawn by an analysis of
residuals of regressions in Figures 3f and 3e, separately
for spruce, pine, and birch dominating stands. The
insensitivity of the relation is extremely important if
the aim is to apply remote sensing in the LAI estima-
tion.

Although the direct comparison of LAI values as
obtained from PCA measurements and allometric rela-
tions did not show non-linearity, somewhat non-line-
ar relations were observed between the allometric LAI
and the majority of satellite image derived quantities.
It is quite possible that the non-linear appearance of
the relations is a result of applied allometric equations
which overestimate LAI in dense forests.

Parallel use of two kinds of PCA (LAI-2000 and
digital hemispheric camera) as well as application of
several operators to process hemispheric photos pro-
duced more reliable gap fraction estimates. However,
the increased reliability was achieved at the expense
of more labour power involved.

Although the processing of hemispheric images
has considerably improved after appearing new sophis-
ticated packages such as CAN_EYE, there is still some
uncertainty and subjectivity in the estimation of gap
fraction from the images. A considerable part of the
uncertainty seems to be caused by automatic non-lin-
ear gamma-correction of the pixel values in commer-
cial cameras. As suggested by Cescatti (2007), one of
the options to reduce these effects is saving the im-
ages in the raw image format. Then the linear relations
are preserved and the processing of images would be
more like it is done in the LAI-2000 instrument. How-
ever, processing the hemispherical digital camera raw
data needs different approach than it is available in
most of the software packages.

A possibility to estimate the true LAI values of
forest canopies values by Nilson’s algorithm instead
of effective LAI determined by default PCA algorithms
has its problematic issues, too. First of all, in order to
apply the algorithm, a lot of a priori stand structure
data is needed. The same variables could well be used
to derive an allometric LAI estimate for the stand. So,
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the main role of PCA measurements and derivation of
the true LAI estimate via Nilson’s algorithm would be
checking the validity of allometric relations applied. Cer-
tainly, there are problems with the applied values of
species specific coefficients x, o, SLW and possible
dependence of these values on site type and quality.
Data quality in the database could be better to apply
the allometric relations.

Other methods, such as the derivation of LAI from
gap size analysis have been applied (Chen et al. 2002).
Since the TRAC instrument needs perfect weather
conditions, gap size analysis from hemispheric pho-
tos seem to be more appropriate. There is a hope that
lidar systems would provide new possibilities to LAI
estimation. However, lidar measurements are too ex-
pensive at the moment to be used as a routine.

Allometric regressions should be tested on extend-
ed material; so far the relations ignore seasonality and
LAI variability from year to year. More data are need-
ed to check the applicability of remote sensing in for-
est LAI estimation. To carry out more and wider ground
based tests, it is highly recommended to include PCA
measurements into the routine forest inventory meas-
urement campaigns.

One of the ideas of careful atmospheric correc-
tion of images was to study the possibility to extend
the regressions between forest LAI and remotely
sensed data from one year to another. A confirmation
was obtained that for the well-calibrated images the
use of regressions from another years is possible with
a marginal decrease in the predictive power of the re-
gression. However, the SEE of all regressions with
remotely sensed variables remains quite high, being
typically of the order of 1.3-1.5 units of LAIL. One has
to consider these uncertainty numbers when the re-
gressions are used to estimate LAI of forests in the
Jarvselja region. The applicability of any of the regres-
sion equations obtained to wider areas is a topic for
further studies.
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WHJIEKC JIJMICTOBOM MOBEPXHOCTHU HA OCHOBE ONTUYECKHAX W3MEPEHUI

A. Koaap, P. Kyrcap, M. Jlaur, T. Jliokk, T. Huabcon

Pesiome

HazemHuble oneHku mHIekca nuctoBoi moBepxHoct (LAI) mecos B fpBcens, DcToHUS, MOMYyYEHBI PH MOMOIIH
Ha3eMHBIX H3MepeHni aHamm3aTopamu nosora LAI-2000 u mytem 06paboTku nonychepudeckux GpoTorpaduii moaora, a Takxe
UCTIONB3YsI alIOMETPHUYECKUE YPABHEHUSI MEXKAY TPaAUIMOHHBIMHU JIECOTAKCAIIMOHHBIMU MapaMeTpaMu M Maccoil JIHCTHEB.
VYcraHoBIEHBI perpeccroHHble cBsi3u Mexay LAl n kosddunuenTamm cnexTpanbHOil SIPKOCTH, WX KOMOMHHPOBAHBIMH
CHEKTPaJbHBIMU UHJIEKCAMH, ONPEJENICHBIMU C ITOMOIIBI0 KOCMUYECKHX CHUMKOB MYJIBTUCIEKTpaibHBEIX ckaHepoB SPOT u
Landsat. Hatimyumme xoppersiun nomydensl Mexxay LAI n nagekcom RSR onpennieHHBIM ¢ TOMOIIBIO KPacHOTO, OIMKHETO
UH(PPaAKPACHOTO M CPEeJHEro MHPPAKpacHOro KaHAIOB CKaHepoB. Mcmonb3ys moilydeHHBIE PErpecCHOHHBIE CBS3H,
CTaH/JapTHOE OTKJIOHEHHE olleHKH LAl ¢ KOCMUYeCKIX CHUMKOB OCTAeTCsl BBICOKUM, MOpsiaka 1.5 uiu BhlIiIe.

Kamo4deBbie cjoBa: WHIEKC JIMCTOBOM MNOBEPXHOCTHU, J€C, NUCTAHIIMOHHOC 30HIUPOBAHUC.
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