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Seasonal change in leaf area index (LAI) is highly important in remote sensing of land
surface phenology because LAI is a main driving factor of forest reflectance. We present a
time series of in situ measurements of boreal forest LAI expanding throughout the growing
period from budburst to senescence. We measured the LAI of 20 stands at approximately
two-week intervals between mid-May and mid-September in 2009 in southern Finland
using hemispherical photography. We compared our field reference data with landscape-
level MODIS surface reflectance trajectories, vegetation indices and LAI products. Our
results showed that the timing of maximum LAI varies in different forest types. In general,
the MODIS-based vegetation indices followed the general trend of spring—summer canopy
LAI well. The MODIS LAI product, on the other hand, portrayed well the spring build-up
of canopy-level foliage of broadleaved stands but began to decrease earlier in the fall than
the ground reference LAI.

Introduction

Land surface phenology is defined as the sea-
sonal variation in vegetated land surfaces
observed by remote sensing instruments (Friedl
et al. 2006, Morisette et al. 2009). To be able to
detect phenological phases from remote sensing
data sets, phenological variation must be char-
acterized by changes in the optical properties of
vegetation elements or by changes in structural
properties of canopies (e.g., increase in leaf area
or canopy closure) that are measurable in the
spatial and spectral resolution of satellite images
(e.g., Kobayashi et al. 2007, Rautiainen et al.
2009). Only medium to coarse resolution satel-
lite images can provide phenological monitor-
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ing with global coverage and regularly repeated
observations (Cleland er al. 2007, White et al.
2009). Therefore, many traditional phenological
variables, such as budburst, flowering, or ripen-
ing of berries and fruits, that have only a small
effect on canopy reflectance, cannot be readily
interpreted from optical satellite images.
Seasonal change in green biomass or leaf
area index (LAI) is highly important in remote
sensing of land surface phenology because
LAI is the main driving factor of forest reflect-
ance recorded by space-borne satellite sensors.
Hence, LAI offers a quantitative measure with
a physical interpretation for monitoring pheno-
logical phases from satellite images. LAI is also
measurable in the field. A recent intercomparison
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showed that a general problem in the valida-
tion of global-scale LAI products is the lack of
ground reference data on the seasonal variability
of different land surface types (Garrigues et al.
2008), because LAI measurements are typically
carried out at the peak of the growing season
(e.g. Morisette et al. 2006). Furthermore, infor-
mation on both the temporal build-up and senes-
cence of foliage are needed for various climate
and land surface modeling purposes.

Ganguly et al. (2010) identified high latitude
ecosystems as a key biome requiring further
investigations in the interpretation of satellite
image based phenology metrics and development
of operational land cover dynamics (phenology)
products. The reasons for this are versatile: in the
boreal region, the seasonal monitoring of vegeta-
tion using optical satellite images is hindered by
a persistent cloud cover, low solar zenith angles
as well as the complex structure of coniferous
canopies that is difficult to take into account in
remote sensing algorithms. Topical problems in
remote sensing of seasonal vegetation dynamics
of boreal forests are related to defining the onset
and end of the growing season, upscaling ground
measurements to sensor resolution in heterogene-
ous landscapes and eliminating the spectral noise
resulting from the presence of late-spring snow.

Previously, seasonal changes in boreal forest
LAI have been assessed in the BOREAS project
where LAI was measured three times during the
growing season in Canadian Jack pine and Black
spruce forests (Chen 1996), and in the GEWEX
experiment in eastern Siberia where LAI of larch
forests was measured four times (Kobayashi et
al.2007). In this case study, we present seasonal
in situ measurements of Finnish boreal forest
LAI expanding throughout the whole growing
period from budburst to early senescence at
two-week intervals and representing typical spe-
cies composition and a wide range of stand
structures. We compare our field reference data
with landscape-level MODIS surface reflectance
trajectories, spectral vegetation indices and LAI
products. In other words, we investigate whether
changes in LAI based on field measurements are
visible in concurrent coarse resolution satellite
images, and if a landscape-level analysis of the
phenological cycle of a boreal forest area is fea-
sible based on such data sets. Finally, we briefly
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discuss potential sources of error in predicting
the timing of phenological phases of a boreal
forest area using coarse resolution satellite data
and hemispherical images.

Material and methods
Study site

Our study site, Hyytidld, is located in southern
Finland (61°50°N, 24°17°E) and belongs to the
southern boreal zone. The annual mean tem-
perature is 3 °C and precipitation is 700 mm.
Dominant tree species are Norway spruce (Picea
abies), Scots pine (Pinus sylvestris) and birches
(Betula pubescens, Betula pendula). Understory
vegetation at the study site is composed of two
layers: an upper understory layer (low dwarf
shrubs, graminoids, herbaceous species) and a
ground layer (mosses, lichens).

The growing season typically begins in early
May and senescence occurs in late September.
According to the traditional phenological obser-
vations (www.metla.fi/metinfo/fenologia/index-
en.htm), in 2009 in the region around our study
site, the first birch leaves emerged on 13-17
May, reached their maximum size on 10—16 June
and turned yellow between 26 September and 3
October. The height growth of Scots pine, on the
other hand, began on 8-15 May and was com-
pleted by 10—17 July.

In 2009, we selected 20 stands from the
Hyytiidld forest area (7 X 7 km) for seasonal LAI
measurements (Table 1). The stands represented
different age classes (stand age: 25-100 years)
and species compositions (Norway spruce, Scots
pine, silver and downy birches) that are typi-
cal to the southern boreal forest zone. A regular
stand inventory was carried out in all the plots
to provide background information on the stand
structure.

LAl measurements

We estimated LAI, the hemisurface green leaf
area per unit area of ground, using hemispherical
photography at approximately two-week inter-
vals starting from mid-May (day of year, DOY
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134) and ending in mid-September (DOY 254).
Hemispherical images were obtained during
standard overcast sky conditions at any time of
the day or during clear sky conditions in early
morning or late evening (i.e. when the solar
elevation angle was smaller than 16°).

We took hemispherical images at twelve
points in each stand and applied the sampling
scheme recommended by the VALERI (Valida-
tion of Land European Remote Sensing Instru-
ments, URL: http://www.avignon.inra.fr/valeri)
network: a cross with measurement points
placed at 4-m intervals on a south—north transect
(6 points) and on a west—east transect (6 points).
The measurement points were permanently
marked with wooden sticks, i.e. the hemispheri-
cal images were acquired from the exact same
locations throughout the growing season.

The camera used to take the hemispherical
images was a Nikon Coolpix 8800 equipped
with a FC-E9 fisheye converter. The camera
was mounted on a tripod and rotated so that its
base was always directed towards the north. The
camera was leveled using a bubble level placed
on the lens cover. Measurement height (distance

Table 1. Stand variables of the study stands in Hyytiala.
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from the ground to the lens) was approximately
1.3 m in forests and 0.5 m in seedling stands.
Images were stored in an uncompressed raw
image format at the resolution of the CCD sensor
(3280 x 2454 pixels). No corrections for possible
projection errors of the fisheye converter were
applied, i.e. the projection was assumed to be
equidistant. We set the aperture of the camera
manually while exposure time was determined
automatically. The exposure was decreased by
one stop to account for the camera’s tendency to
overexposure in dense forests (i.e., forests with
a high LAI) (Zhang et al. 2005). The exposure
time ranged from 1/20 seconds to 8 seconds,
depending on the light conditions and the time
of the day.

The image data were analyzed using scripts
implemented by us in the MATLAB® program-
ming environment (MathWorks Inc. 2010). The
hemispherical images were thresholded using
an edge-detection based algorithm developed
by Nobis and Hunziker (2005). This algorithm
selects the threshold that maximizes the bright-
ness difference between the pixels on the crown
and sky sides of the edges, and therefore pro-

Stand ID Dominant species Mean tree height (m) Basal area (m? ha™) Site type
Broadleaved stands
E1 Birch 19.1 11 mesic
F1 Birch 13.8 14 mesic
u16 Birch 14.0 21 mesic
u17 Birch 1.7 27 herb-rich
H5 Birch 141 21 herb-rich
H3 Birch 14.9 11 herb-rich
Coniferous stands
A1 Scots pine 17.5 25 herb-rich
A5 Scots pine 18.6 24 mesic
D3 Scots pine 17.8 21 sub-xeric
E7 Norway spruce 13.3 32 mesic
u26 Norway spruce 16.8 25 mesic
u27 Norway spruce 15.2 21 mesic
Mixed stands
D4 Norway spruce 16.5 28 mesic
E6 Norway spruce 10.2 22 mesic
E5 Birch 23.1 27 mesic
12 Birch 11.9 20 herb-rich
u19 Scots pine 22.9 42 mesic
u18 Scots pine 16.5 26 sub-xeric
Seedling stands
G1 Birch 2.2 1 mesic
14 Birch 2.4 4 mesic




BOREAL ENV. RES. Vol. 17 + Seasonality of LAl

duces consistently similar gap fractions even
in different light conditions. However, as one
threshold value was used for the entire image,
the background sky had to be evenly lit to ensure
good performance of the algorithm. After the
thresholding, the gap fractions were calculated
for concentric rings 0-15°, ..., 45-60° as the
proportion of sky (white) pixels within each ring.

Finally, LAI was computed from the gap frac-
tions for a solid angle extending 60° from zenith
using the standard method behind the LAI-2000
Plant Canopy Analyzer (LAI-2000 PCA, Welles
and Norman 1991) limited to the uppermost
four rings (Li-Cor Inc., Nebraska, USA). We
noticed that a smoother time series of LAI was
obtained by limiting the analyzed section of the
hemispherical images to +60° from nadir instead
of applying +75° from nadir as done by the com-
monly used LAI-2000 PCA instrument (LI-COR,
Inc.). An explanation for this could be the use
of a single threshold value for the entire image.
When the entire image area is evaluated by the
thresholding algorithm, the final threshold is an
average, and the gap fractions may be biased near
the zenith (brightest background) and near the
horizon (dim background). The effect of the first
ring (0°-15°) on the final LAI is small, but errors
in the fifth ring (60°-75°) gap fraction have a
considerable influence.

Each image was checked for possible prob-
lems (e.g. fuzziness, uneven cloud cover) in
order to ensure a good discrimination between
the sky and tree crowns while preserving the
fine structure of the canopy. A few images were
excluded from the analyses due to low quality.

We abbreviate effective canopy LAI obtained
through this process as LAI .. It is called an
effective leaf area index (and not a ‘true’ leaf
area index) because it does not account for the
clumping of foliage.

Table 2. Spectral vegetation indices (SVI's) applied in
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Satellite data

In the remote sensing part of the study, our aim
was to investigate whether changes in LAI based
on field measurements are visible in concurrent
coarse resolution satellite images. We examined
mean values and standard deviations of three
Moderate Resolution Imaging Spectroradiom-
eter (MODIS, Collection 5) data products for
our study area: surface reflectances, vegetation
indices (Table 2) and LAI. The data enabled a
landscape-level analysis (7 x 7 km) of the phe-
nological cycle of a boreal forest area.

First, we examined a time series of MODIS
surface reflectance products (MODO09A1, 8-Day
composite) which provide estimates of the sur-
face spectral reflectances for each reflective
MODIS band as it would have been measured
at ground level without atmospheric scattering
or absorption (i.e. reflectances are corrected for
the effects of atmospheric gases and aerosols)
(Vermote et al. 1997). The product contains the
best possible observation for an 8-day period
based on high observation coverage, low view
angle, absence of clouds or cloud shadow, and
aerosol loading. The spatial resolution of the data
is 500 m. Next, we looked at the MODIS veg-
etation indices (MOD13Q1, 16-day composite)
that include the normalized difference vegetation
index (NDVI, based on red and NIR bands) and
the enhanced vegetation index (EVI, based on
red, NIR and blue bands), and have a spatial reso-
lution of 250-m (Huete et al. 2002). In addition,
we examined the reduced simple ratio (RSR,
based on the red, NIR and SWIR MODIS sur-
face reflectances) using similar SWIR band mini-
mum and maximum values for the entire growing
period. The equations of the vegetation indices
are provided in Table 2. Finally, we evaluated
against our in situ data the MODIS LAI product

this study. [BLUE = surface reflectance factor for MODIS

band 459-479 nm; RED = surface reflectance factor for MODIS band 620—670 nm; NIR = surface reflectance factor
for MODIS band 841-876 nm, and SWIR= surface reflectance factor for MODIS band 1628-1652 nm.]

Vegetation index

Abbreviation and equation

Normalized difference vegetation index
Enhanced vegetation index
Reduced simple ratio

NDVI = (NIR — RED)/(NIR + RED)
EVI = 2.5[(NIR — RED)/(NIR + 6RED — 7.5BLUE + 1)]
RSR = (NIR/RED)[(SWIR__, — SWIR)/(SWIR _ —SWIR__)]
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(MOD15A2, 8-day composite) which is retrieved
from atmospherically corrected bidirectional
reflectance factors in the red and NIR channels
using a radiative transfer model for vegetation
media (Knyazikhin et al. 1998, Yang et al. 2006).
The spatial resolution of the data is 1 km.

We screened the quality flags of the products
and used only values classified as “best possible
results” for land pixels, e.g. for the LAI product
we used only main algorithm retrievals without
cloud contamination. This reduced the number
of observations in the time series but guaranteed
better quality data. Another challenge was that
direct comparison of in situ LAI , measure-
ments and MODIS data is not possible due to
the large difference in spatial scale. Therefore,
we upscaled our in situ LAI measurements to a
landscape-level LAI estimate using the Finnish
CORINE Land Cover 2006 database (CLC2006,
2006). According to the land cover data, our
study area is composed of the following forest
classes: 2.1% broadleaved forests, 58.4% conif-
erous forests, 16.6% mixed forests and 22.9%
open areas, seedling stands and clear cuts. First,
we classified our stands into groups which cor-
respond to the CORINE Land Cover groups (i.e.
six broadleaved, six coniferous, six mixed and
two seedling stands shown in Table 1). Next,
we computed average LAI  time series for each
group. Finally, we calculated a mean landscape-
level LAI . from the averaged in situ measure-
ments by weighting each of the time series repre-
senting the four forest classes according to their
coverage in our 7 X 7-km study area. According
to the MODIS land cover classification scheme
(Friedl et al. 2010) the study area is classified

center of the study area.

mostly as evergreen needleleaf forest (89% of
study area).

Results and discussion

Snow melted in the Hyytiéld forests on approxi-
mately 25 April 2009 (DOY 115), and the ther-
mal growing season (i.e. the date preceded by
five consecutive days with daily mean tempera-
ture above +5 °C) began on 30 April (DOY 120)
(Fig. 1). This was followed by a rapid unfolding
and expansion of leaves which occurred between
DOY 140 and 150 in broadleaved, mixed and
seedling stands (Fig. 2). Throughout the field
campaign, fluctuations of 10%-15% in LAI .
were observed in the coniferous stands, espe-
cially in the densest stand (Fig. 2B, LAI , >
3.5). Differences were observed in the timing of
maximum LAI . in the different forest types: in
broadleaved and mixed stands maximal leaf area
was reached by mid-July (DOY 194), whereas
in coniferous and seedling stands foliage growth
marginally continued until late August (DOY
238) (Fig. 3). However, one should note that the
measurement height was lower in the seedling
stands, and the LAI . estimate also includes
understory vegetation growing between the
seedlings.

The first measurements (DOY 134-139,
Fig. 2) in the broadleaved (deciduous) stands
correspond to woody area index (WAI) since
no leaves had emerged yet. Thus, based on the
measurements, we can estimate a midsummer
mean WAI/LAI for the birch stands by taking
the ratio of the first measurements and maximum
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Fig. 2. The seasonal course of effective leaf area index (LAl ) measured in Hyytiéla in 2009 as a function of day of
year (DOY). (A) six deciduous stands, (B) six coniferous stands, (C) six mixed coniferous-deciduous stands, and
(D) two seedling stands. The symbols indicate different stands.

LAI  measurements for each stand. Computed
this way, the mean WAI/LAI ratio for birch
stands is 0.35 + 0.16 SD. However, we did not
apply this woody area correction to the LAI .
estimates, since similar estimates of WAI were
not available for the coniferous and mixed stands
and because this correction method does not take
into account (marginal) height growth of trees
during the summer.

Using hemispherical digital photography to
measure LAI contains inherently several prob-
lems, which have been reviewed by, for example,
Jonckheere et al. (2004). Specific issues related
to measuring a long time series of canopy LAI
using the hemispherical images include careful
considerations of exposure, weather conditions
and image processing methods. Therefore, ensur-
ing consistent quality of an image acquisition

and processing chain over a long period is chal-
lenging. The irregular fluctuations in our LAI .
time series (Fig. 2) are likely due to measure-
ment uncertainty since sudden changes in the
canopy structure (e.g. annual needle cycle) are
not expected to be very large. Another problem
is separating the role of increase in woody and
foliage materials in the hemispherical images:
especially in young stands, tree height growth
(which is a phenological phenomenon itself) may
contribute to the decrease in canopy gap frac-
tions (i.e. increase in LAI ) during the summer.
Finally, changes in coniferous shoot structure (i.e.
changes in needle-to-shoot area ratio, Chen 1996)
during the summer may result in biased quantifi-
cation of changes in canopy LAI.

According to ground-based observations of
the national phenology network (www.metla.fi/
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seedling stands. The error bars show standard deviations. Note that relative LAl does not reach one in A-C
because the curves show mean values for all stands. i.e. the maximal LAl ; values were not reached on the same

date in all the stands.

metinfo/fenologia/index-en.htm), in 2009 birches
reached full leaf size already in mid-June and con-
tinued their height growth until August whereas
our in situ LAI ;. (which may, on the other hand,
also include contributions from height growth)
continued to increase approximately from 5% to
8% from mid-June to mid-July (Fig. 3A). This
may indicate problems for the use of traditional
phenological observations as the validation data
for seasonal detection algorithms in remote sens-
ing. In other words, well-known phenological
variables (e.g. emerging of leaves, flowering,
ripening of berries) cannot be readily interpreted
from satellite images since remote sensing is
based on the interpretation of scattered electro-
magnetic radiation, and these variables are not
the main driving factors of forest reflectance.
Another problematic period is early senescence
in late August and early September: indirect opti-
cal devices for measuring LAI . (such as the LAI-

2000 PCA or hemispherical photography) do not
detect the loss of green leaf area since the leaves
are still attached to the trees even though they
have begun to turn yellow. In this case, the use of
phenological webcams (Richardson et al. 2007)
or continuously monitoring PAR or transmittance
sensors placed in the study area would provide
valuable ancillary data for interpreting the LAI
time series and matching it with satellite reflect-
ance data. Finally, this also raises a question con-
cerning the applicability of LAI as a descriptor
of the length of the growing season (or seasonal
changes in primary productivity) in boreal for-
ests. In deciduous and mixed forests, the begin-
ning of the growing season can efficiently be
determined through observations of LAI, but in
pure coniferous forests, the seasonal course of
LAI  is not dynamic enough to characterize the
start of growing season in the spring. Therefore,
other indicators, such as remotely sensed changes
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in the spectral properties of the vegetation, may
have potential in determining growing season
length (or seasonal changes in photosynthetic
efficiency) also in coniferous forests.

As the first part of detecting seasonal changes
in remote sensing data we compared landscape-
level LAI, with MODIS surface reflectances
(Fig. 4). Mean surface reflectances in the green
(545-565 nm) and SWIR (1628-1652 nm) bands
first increased as canopy LAI . increased during
May, then dropped slightly during the stable
phase of canopy LAI . in July (DOY 177-233)
and finally increased in August when canopy
LAI , began to gradually decrease. On the other
hand, surface reflectances in the red band (620—
670 nm) decreased as LAI . of the canopies
increased, and vice versa. Both visible bands
displayed a short peak in surface reflectances in
early September (DOY 249). The results clearly
indicate that LAI . is not the only factor deter-

mining the seasonal course of forest reflectance.
For example, the peak-like changes in MODIS
surface reflectances (with the exception of the
NIR band) during early June and early Septem-
ber could possibly be linked to the rapid ongo-
ing changes in either understory or leaf optical
properties. However, the standard deviations of
the surface reflectances are relatively large, hence
making definite conclusions about the reflectance
peaks is not possible. Finally, as already noted,
the NIR band (841-876 nm) followed both the
buildup and decline in canopy foliage relatively
tightly. This is logical since NIR reflectance in
boreal forests should be mainly driven by canopy
structure (e.g., Rautiainen and Stenberg 2005).
Next, we looked at the seasonal trajectories of
three spectral vegetation indices (Fig. 5). Previ-
ously, based on data obtained during 19862006,
NDVI-defined trends for onset, end and length
of the growing season were noted as reliable in
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the majority of Fennoscandia due to the high
correlations in spring and rather low bias in fall
(Karlsen et al. 2009). In our study area, NDVI
captured the spring and summer development
of canopy LAI . well. However, it did not react
to the decrease in LAI in September and would
thus have overestimated the length of the grow-
ing period. EVI, on the other hand, followed
the general trend of LAIeff well, but exhibited a
small peak (unrelated to changes in canopy LAI )
during early senescence in mid-August. The poor
performance of NDVI and EVI in detecting the
fall transition may be due to the differences in the
greening and yellowing cycle of the understory
and overstory which also causes difficulties in
applying simple vegetation index techniques to
detect the start of season from satellite images
(Doktor et al. 2009). The third vegetation index,
RSR, captured the timing of both the spring and
fall transitions well, but did not depict the stable
LAI , phase during July. Even though none of the
vegetation indices performed superiorly over the
others in our single-year analysis, RSR followed
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a function of day of year (DOY). (A) LAl and NDVI
(MOD13Q1), (B) LAl and EVI (MOD13Q1), (C) LAl and
RSR (computed from MODO09A1).

the leaf build-up and senescence transitions of
boreal forest canopy layers notably well. In the
future, if landscape-level imaging spectroscopy
data becomes routinely available, applying also
narrow-band vegetation indices (e.g. the photo-
chemical reflectance index (PRI); Garbulsky et al.
2011) may enable determining the length of the
growing period in boreal forests more accurately.
Next, we compared our landscape-level LAI
estimates with the MODIS LAI product (Fig. 6).
The MODIS LAI portrayed well the spring time
build-up of canopy-level foliage in broadleaved
and seedling stands (Fig. 6A and D). However,
the MODIS LAI values started to decrease a
week earlier than field reference LAI. This may
be either an artifact due to cloud contamination
or temporal spacing of the measurements, or an
actual observation due to some birch leaves turn-
ing yellow already in August even though the
majority turned yellow during September. This
would mean that the red surface reflectances
used by the MODIS LAI retrieval algorithm
started to increase but the leaves still contributed
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Fig. 6. Relative LAl (i.e. LAl at a given DOY divided by the seasonal maximum LAI_ ) obtained from in situ meas-
urements and relative MODIS LAl (MOD15A2) (i.e. MODIS LAl on a given DOY divided by the seasonal maximum
MODIS LAl). (A) deciduous stands, (B) coniferous stands, (C) mixed coniferous-deciduous stands, and (D) seed-

ling stands.

to LAI measured by the hemispherical images
though the optical transmittance properties of the
leaves should have changed. (In future, it might
be possible to validate this statement by separat-
ing yellow and red leaves from green leaves in
hemispherical images using RGB information.)
The difference between the temporal cycles of
the in situ and MODIS LAI values may also be
due to differences in the timing of phenological
events of the understory and tree layer species
(Richardson et al. 2009). Seasonal dynamics of
MODIS LAI is very strong in comparison with
LAI  measurements of coniferous and mixed
stands (Fig. 6A and C). Thus, it seems that the
spring and fall transitions of landscape-level
MODIS LAI portray the phenological cycle
of broadleaved species (including in a wide
sense broadleaved tree layer species, understory
bushes and grasses typical to open areas), not
that of the coniferous tree species.

Finally, we compared the magnitude of the
MODIS LAI product and the upscaled, land-
scape-level in situ LAI. At the beginning and end
of the measured LAI , time series (approximate
DOY 134 and 253), the MODIS LAI values
were similar to the values obtained from our
in situ measurements. However, the minimum
values of MODIS LAI (i.e., DOY 97-127) were
much lower than our in sifu values obtained at
the start of the growing season several weeks
later. The unrealistically low MODIS LAI values
do coincide with the time of spring snow melt
(Fig. 1), and thus, have a plausible explanation.
In July, MODIS LAI reached values as high as
4.1 whereas our in situ LAI . had a maximum
value of 2.2 (Fig. 7).

The nearly twofold difference in maximum
values also clearly indicates differences in LAI
definitions between MODIS LAT and LAI . meas-
ured in this study. LAI . measured at the study
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sites did not account for clumping of foliage (i.e.
spatial correlation of foliage at shoot and crown
levels) whereas in MODIS LAI, clumping is
accounted for to some extent. Compensating in
situ LAI . for various levels of clumping would
increase the LAI estimates in coniferous stands
(Chen 1996). As shoot-level clumping may also
change throughout the summer due to the matu-
ration or hardening of new shoots, using a fixed
value (i.e. same value for the whole growing
period) to correct for it would not lead to a new
interpretation of the results. Nevertheless, for the
study area, the minimum MODIS LAI values
are rather small considering the large coverage
of coniferous forests with relatively small sea-
sonal changes in LAI. Thus, difference in mag-
nitude between MODIS LAI and in situ LAI
cannot be explained by clumping alone. This
agrees well with previous MODIS LAI validation
studies in evergreen coniferous sites (Yang et al.
2006, Garrigues et al. 2008). Another source of
difference in the LAI definitions is that MODIS
LAI includes both overstory and understory LAIs.
Even though understory vegetation may fortify
the seasonal dynamics of forest reflectance trajec-
tories obtained from satellite images, it is difficult
to measure LAI of a boreal forest understory plot
repeatedly with non-destructive sampling meth-
ods. For example, measurement of boreal-forest
understory LAI with common indirect measure-
ment techniques (e.g. LAI-2000 Plant Canopy
Analyzer or hemispherical digital photography)
is not possible due to the tight structure and low
height of the understory. The understory layer in a
well-drained boreal forest in Finland is composed
of two layers: an upper understory layer (low
dwarf shrubs, graminoids, herbaceous species)
and a ground layer (mosses, lichens). As bare soil
is rarely visible, downward-looking hemispherical
photos cannot be used to determine understory
LAI .. We suggest that the noteworthy seasonality
of boreal forest understory could, in the future,
be included in phenological monitoring through
changes in its reflectance properties (e.g. NDVI or
other vegetation indices) throughout the growing
season using algorithms developed for the extrac-
tion of understory reflectance from multiangular
satellite data (Pisek et al. 2010).

Upscaling in situ LAI . measurements to
the level of satellite vegetation products inher-
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Fig. 7. Comparison of mean landscape-level LAl up-
scaled from in situ measurements and mean MODIS
LAl (MOD15A2) as a function of day of year (DOY).

ently contains many potential sources of error.
A central question is the representativeness of
sampled ground plots — how well they describe
the spatial heterogeneity of the landscape, and
in the case of forests, do they represent in right
proportions the different age and management
classes of the various forest types. For example,
in this study, twenty stands cannot cover the
wide range of structures present in a 7 X 7-km
landscape. On the other hand, repeatedly per-
forming optical LAI measurements (which are
weather dependent) for more than twenty stands
at a fairly dense temporal interval would require
a large research team and exceptional sky condi-
tions. Thus, the number of study stands under
intensive LAI monitoring will always remain
smaller than could be regarded as the necessary
number of stands to cover all the forest types
in a landscape. Using high resolution satellite
images as an intermediate step to upscale to the
level of MODIS products (e.g. Wang et al. 2004,
Morisette et al. 2006) is a possible solution to
improve landscape-level LAI estimates. How-
ever, in such an upscaling approach, it would be
preferable to have a time series of high resolu-
tion satellite images, which, on the other hand, is
challenging for a study site located in the boreal
region due to the frequent presence of clouds.

Conclusions

Our results showed that the timing of maximum
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LAI . varies in different boreal forest types: in
broadleaved and mixed stands maximal leaf area
was reached by mid-July whereas in conifer-
ous and seedling stands foliage growth margin-
ally continued until late August. This unsyn-
chronized timing of phenophases in fragmented
and heterogeneous forest landscapes (typical to
northern Europe) is a challenge for interpret-
ing satellite observed land surface phenologies
and for spatial upscaling of in siru LAI  time
series. MODIS-based spectral vegetation indices
followed the general trend of spring—summer
canopy LAI well, but only RSR captured the
timing of both the spring and fall transitions. The
MODIS LAI product portrayed well the spring
time canopy-level foliage build-up of broad-
leaved and seedling stands but began to decrease
earlier in the fall than the field reference values.
Future studies should focus on (1) understanding
the driving factors of boreal forest reflectances
during autumn senescence, (2) quantifying the
role and timing of the phenological (reflectance)
cycles of the most abundant boreal understory
species, and (3) developing a better method for
detecting the start and end of growing period in
conifer-dominated areas.
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