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Spring phenological events are important for the assessment of the carbon budget in forest ecosystems. In large
parts of the boreal zone the evergreen conifers are dominant, but most available satellite-based methods for
the detection of the start of the growing season have focussed on the greening-up of deciduous species. We
investigated the possibility of determining spring phenological events of boreal evergreen coniferous forest
from Moderate Resolution Imaging Spectroradiometer (MODIS) time-series based on test sites in Finland. The
beginning of the photosynthetically active period, determined from the CO2 fluxes measured with the eddy
covariance (EC) method, was used as a primary reference for the onset of the growing season (growing season
start date, GSSD). Furthermore, phenological observations of pine trees, such as the beginning of shoot elongation
(growth of pine start date, GPSD) were included in the comparison. The corresponding indicators were derived
fromMODIS data and comparedwith in situ phenological observations. This was carried out using cloud-filtered
daily MODIS time-series of Normalized Difference Vegetation Index (NDVI), Normalized Difference Water
Index (NDWI) and Fractional Snow Cover (FSC) from homogenous areas around in situ sites (3 EC sites and 4
phenological sites in Finland). GSSD in coniferous forest showed correspondencewith the time during snowmelt
when the ground starts to be exposed,whichwas indicated by a decrease in FSC and the spring-rise inNDVI time-
series. GPSDoccurred in general after complete snowmelt. Satellite-derivedGSSD fromNDVI (GSSDNDVI) and FSC
(GSSDFSC) showed good correspondencewith in situ observations for both NDVI and FSC (R2N0.8, RMSEb7days)
including observations from two CO2 flux measurement sites in Northern Finland and one in Southern Finland.
The highest site-wise correlations were obtained for the satellite indicator GSSDFSC. Finally, the national-scale
mapping of GSSD was demonstrated based on the satellite-derived indicator GSSDFSC.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

Spring phenology is one important factor influencing the carbon
balance of boreal forest ecosystems (Richardson et al., 2009, 2010)
and therefore accurate information related to spring phenology is
needed for studies of the carbon budget of this region. The recovery of
photosynthetic activity (referred here as growing season start date,
GSSD) in an ecosystem can be determined from in situ eddy covariance
(EC)measurements of the CO2fluxes at local sites (e.g. Suni et al., 2003).
These point-wise measurements need to be generalised to larger areas
and satellite observations could be one possibility to achieve that.

Time-series of vegetation indices, such as the Normalized Difference
Vegetation Index (NDVI), are widely used for monitoring of vegetation
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phenology (Badeck et al., 2004; Reed et al., 1994; White, Thornton, &
Running, 1997). TheNDVI eliminates dependence on sun–target–sensor
geometry to a certain extent, but due to differences in the anisotropic
behaviour of canopies in red and near-infrared reflectance, NDVI
is slightly geometry-dependent (Gutman, 1991). The sensitivity of
NDVI to sun zenith angle (SZA) is low (Huemmrich, Black, Jarvis,
McCaughey, & Hall, 1999) and depends on the leaf area of the canopy
and reflectivity of the ground. The influence of SZA decreases with
increasing canopy leaf area and darker ground (Kaufmann et al.,
2000). The contrast between red and near-infrared reflectance is re-
duced by atmospheric effects, which usually lead to lower NDVI
(Gutman, 1991). According to theoretical analysis by Sellers (1985),
NDVI can be directly related to photosynthesis in non-water-limited en-
vironments; correlations between NDVI and gross primary production
(GPP) (Wang et al., 2004) andmodelled photosynthetic capacity in bore-
al forests (Gea-Izquierdo et al., 2010)were reported. For the extraction of
phenological key-stages of vegetation from NDVI time-series, such as
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onset of greenness, good correspondence has been obtained between
satellite-derived budburst day and field observations for deciduous
trees in the temperate region (Badeck et al., 2004; Duchemin, Goubier,
& Courrier, 1999; Maignan, Bréon, Bacour, Demarty, & Poirson, 2008;
Soudani et al., 2008).

However, in the boreal region greening-up and snow melt cannot
be well distinguished in NDVI time-series (Delbart, Kergoat, Le Toan,
L'Hermitte, & Picard, 2005; Jönsson, Eklundh, Hellström, Bärring, &
Jönsson, 2010; Moulin, Kergoat, Viovy, & Dedieu, 1997; White et al.,
2009), because the NDVI already shows a steep increase when snow
melts, due to a strong decrease in reflectance. Therefore adapted
methods were developed to determine the greening-up in this region
(Beck, Atzberger, Høgda, Johansen, & Skidmore, 2006; Delbart et al.,
2005; Karlsen et al., 2008). In order to avoid the influence of snow
cover on the retrieval of the greening-up, Delbart et al. (2005) devel-
oped a method based on the Normalized Difference Vegetation Index
(NDWI). NDWI was initially applied for the monitoring of vegetation
liquid water content from space using radiances at wavelengths 860nm
and1240nm(Gao, 1996). Bothwavelengths are located in the reflectance
plateau of vegetation canopies and therefore sense similar depth through
vegetation canopies, in contrast to NDVI for which the red channel is
located in the strong chlorophyll absorption region. NDWI is less sensitive
to atmospheric scattering than NDVI (Gao, 1996). It decreases during
snowmelt and increases when vegetation is greening up, thus allowing
a free-of snow effect determination of greening-up in the boreal region
(Delbart et al., 2005).

In contrast to deciduous trees, seasonal changes in evergreen coni-
fers are not easily observed. Photosynthesis is inhibited during winter,
but close-to-full photosynthetic capacity can be reached only after a
few days with optimal environmental conditions (Sevanto et al.,
2006). Photosynthetic recovery is mainly driven by air temperature
(Suni et al., 2003), independent from changes in canopy structure
(Richardson et al., 2009), includes multiple steps and is reversible
(Monson et al., 2005). While air temperature was found to be the
main factor for the onset of photosynthesis, soil temperature is an im-
portant limiting factor for full photosynthetic recovery in late spring
after the end of the snow melt (Bergh & Linder, 1999; Wu, Jansson, &
Kolari, 2012).

Differences in the beginning of the growing season between ever-
green coniferous forests and other vegetation species, such as deciduous
broadleaved forest, were mostly overlooked in mapping of this event
from satellite-derived time-series, and the same methodology (using
in general bud burst observation of deciduous trees as reference) was
Table 1
Characteristics of in situ sites.

Site Observation/
organisation

Geographic
coordinates

Altitude
above sea (m)

Forest type

Äkäslompolo Phenology/METLA 67° 35′ N
24° 12′ E

340 Scots pine

Hyytiälä CO2 flux/
University of Helsinki

61° 51′ N
24° 17′ E

170 Scots pine/
Norway spruce

Kenttärova CO2 flux/FMI 67° 59′ N
24° 15′ E

347 Norway spruce

Paljakka Phenology/METLA 64° 40′ N
28° 03′ E

295 Scots pine

Parkano Phenology/METLA 62° 01′ N
23° 03′ E

115 Scots pine

Saariselkä Phenology/METLA 68° 24′ N
27° 23′ E

300 Scots pine

Sodankylä CO2 flux/FMI 67° 21′ N
26° 38′ E

179 Scots pine

METLA, Finnish Forest Research Institute. FMI, Finnish Meteorological Institute.
1 Definition of phytogeographical zones according to Ahti, Hämet-Ahti, and Jalas (1968).
2 Long term records of air temperature and precipitation are for the period from 1971 to

Myllymäki, fInari/Ivalo airport (Drebs, Nordlund, Karlsson, Helminen, & Rissanen, 2002).
applied for different land cover classes and regions, for example in the
MODIS phenology product (Ganguly, Friedl, Tan, Zhang, & Verma,
2010). Comparisons between springtime source-sink transition indica-
tors derived from CO2 flux measurements and satellite-derived pheno-
logical indicators across deciduous broadleaved and evergreen coniferous
forest sites showed correlations for both ecosystems, but the flux-derived
date in evergreen coniferous forests preceded the satellite-derived indi-
cator by several weeks (Melaas et al., 2013; Richardson et al., 2010).

The satellite-derived greening-up in evergreen coniferous forest
may correspond to the start of needle growth (Beck et al., 2007), but
satellite-retrievals were usually not verified with phenological observa-
tions of evergreen conifers (Gonsamo, Chen, Price, Kurz, & Wu, 2012).
Only a few studies compared spring phenological events in evergreen
coniferous forest with satellite-derived time series (Gonsamo et al.,
2012; Jönsson et al., 2010; Thum et al., 2009). The timing of budburst
of evergreen conifers in Swedish forest could not be derived with abso-
lute nor relative threshold values of vegetation indices, due to the influ-
ence of snow cover and the small and slow changes of needle biomass
(Jönsson et al., 2010). Thum et al. (2009) found that the beginning of
snowmelt, determined fromModerateResolution Imaging Spectrometer
(MODIS) surface albedo observations, appeared to be a good estimator
for the beginning of the active period of coniferous forest as observed
from EC measurements.

The aim of this work was therefore to evaluate the possibility to
use satellite-derived proxy indicators for the determination of GSSD in
evergreen coniferous forest in the boreal region. A special interest of
this paper was to investigate the feasibility of using the Earth
observation-based Fractional Snow Cover (FSC) product as indicator
for GSSD. The applied FSC estimates are derived with the reflectance
model-based snow monitoring method SCAmod (Metsämäki, Anttila,
Huttunen, & Vepsäläinen, 2005) of the Finnish Environment Institute
(SYKE), developed for boreal forest and the tundra belt. It has been
shown to provide reliable estimates of the fractional snow cover for for-
ested areas; validation against ground truth data from distributed snow
surveys in Finland showed a root mean squared error (RMSE) of 0.11
FSC and higher retrieval accuracies for boreal forests than e.g. the
MODIS fractional snow cover product by NASA/Goddard Space Flight
Center (Hall & Riggs, 2007; Riggs, Hall, & Salomonson, 2006) were dem-
onstrated (Metsämäki et al., 2012). Hence, MODIS-derived time-series
of FSC, as well as commonly used vegetation indices such as NDVI and
NDWI, were compared with in situ dates of GSSD from three EC sites
in order to develop a method for the detection of GSSD from satellite-
derived time-series. In order to allow comparisons with other studies
Phytogeographical zone1 Mean annual air temperature (°C)
and precipitation (mm)2

Observation period

Northern boreal −1.4a

484
2001–2006

Southern boreal 3.5b

601
2001–2010

Northern boreal −1.8c

501
2003–2010

Middle boreal 1.7d

532
2001–2010

Southern boreal 2.7e

632
2001–2008, 2010

Northern boreal −0.8f

435
2001–2006

Northern boreal −0.8
507

2001–2010

2000 from stations: aMuonio Alamuonio, bJämsä, cKittilä Pulju, dKajaani airport, eÄhtäri



Fig. 1. Location of measurement sites and main phytogeographical zones (Ahti et al., 1968) in Finland.

627K. Böttcher et al. / Remote Sensing of Environment 140 (2014) 625–638
aiming at the greening-up of the vegetation, phenological observations
of beginning of growth of pine trees were also compared at four pheno-
logical sites. Satellite-derived GSSDswere evaluated against in situmea-
surements at three sites and themapping of GSSDwas demonstrated in
Finland.

2. Data set and methods

2.1. Measurement sites

The measurement sites are located in coniferous forests in Finland,
including three CO2 flux sites and four phenology observation sites
(Table 1 and Fig. 1), and stretch from the Southern boreal to theNorthern
boreal phytogeographical zone. The dominant tree species for all sites
is Scots pine (Pinus sylvestris), except for Kenttärova with dominance
of Norway spruce (Picea abies). All sites are located on mineral soils.
The snow covered period extends typically fromNovember toMay in
Northern and from December to April in Southern Finland, covering
6 and 4 months at northern and southern sites, respectively
(Kuusisto, 1984).

2.2. CO2 flux measurements

The in situ fluxes of CO2 were measured by the micrometeorological
eddy covariance method, which gives us direct measurements of CO2

fluxes averaged on an ecosystem scale. In the EC method, the vertical
CO2 flux is obtained as the covariance of the high frequency (10Hz) ob-
servations of vertical wind speed and the CO2 concentration (Baldocchi,
2003). The eddy covariance measurement systems at Sodankylä and
Kenttärova included a USA-1 (METEK GmbH, Elmshorn, Germany)
three-axis sonic anemometer/thermometer and a closed-path LI-7000
(Li-Cor., Inc., Lincoln, NE, USA) CO2/H2O gas analyzer. In Hyytiälä a
Solent 1012R3 anemometer (Gill Instruments Ltd., Lymington, UK)
with closed-path LI-6262 analyser (Li-Cor Inc., Lincoln, NE, USA) was
used. The measurements were performed 5 to 10 m above the mean
forest height. The EC fluxes were calculated as half-hourly averages,
taking into account the appropriate corrections. The measurement sys-
tems and the post-processing procedures are presented in more detail
by Aurela (2005) and Aurela et al. (2009) for Sodankylä and Kenttärova,
and by Rannik, Keronen, Hari, and Vesala (2004) andMammarella et al.
(2009) for Hyytiälä. Details on meteorological measurements in
Hyytiälä can be found in Vesala et al. (2005). Additional meteorological
measurements at each site include precipitation, air temperature at dif-
ferent heights (here we used temperature at 18m height for Sodankylä
and Kenttärova and at 8mheight for Hyytiälä) and soil temperature and
volumetric soil liquid water content (SWC) at different depths.

2.3. Determination of GSSD from CO2 flux measurements

The growing season start date was determined for Sodankylä
(2001–2010), Hyytiälä (2001–2010) and Kenttärova (2003–2010)
from the continuous CO2 fluxmeasurement data. GSSD could not be cal-
culated for site Kenttärova for year 2004 due to data gaps. The GSSD is
here defined as the day on which the CO2 uptake exceeds permanently
the 15% level of the growing season maximum (Fig. 2). In practice,
the GSSD was obtained from the annual cycle of gross photosynthesis
index (PI, Aurela, Tuovinen, & Laurila, 2001), which indicates the appar-
ent photosynthetical activity on a daily scale. It is calculated as a
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Fig. 2. Determination of GSSD from eddy covariance data (grey circles) at Sodankylä. A
commonmaximum of gross photosynthesis (GPmax) for the whole measurement period
(2001–2010) was obtained as the 90th percentile of the daily GP values representing the
month of the highest uptake of each year. Daily GPwas obtained as a difference of daytime
NEE (net ecosystem CO2 exchange) and night-time respiration. The GSSD for different
years was then obtained as the date when daily GP exceeds 15% of this common GPmax.
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difference of the daily averages of daytime (Photosynthetic Photon Flux
Density (PPFD) N 600 μmol m−2 s−1) Net Ecosystem Exchange of CO2

(NEE) and night-time (PPFD b 20 μmol m−2 s−1) respiration and is
scaled with the growing season maximum. The obtained index is not
actual gross photosynthesis (GP), as the night-time respiration differs
from the daytime respiration, but as it is used as a relative measure it
provides a reasonable estimate. The growing season maximum is the
90th percentile of the daily GP indexes during the month of highest
uptake for the multi-year measurement period. The method used for
the determination of GSSD differs from the method used for the same
sites by Suni et al. (2003) and Thum et al. (2009). They used instanta-
neous (30-min) NEE values as compared to daily averages of GP utilized
here. However, the progress in photosynthetic activity is typically very
fast in these boreal sites, indicating that results are not particularly sen-
sitive to such differences in the method.

2.4. Phenological observations

Phenological observations on pine trees at four sites: Parkano,
Paljakka, Äkäslompolo and Saariselkä (Table 1 and Fig. 1), for the years
2001–2010 were obtained from the Finnish Forest Research Institute
(METLA). The phenophase (BBCH codes in brackets (Meier, 1997)) begin-
ning of shoot elongation (May shoot, BBCH30) of Scots pine was used in
this study. Hereafter, beginning of shoot elongation is referred to as
growth of pine start date (GPSD). Phenological observations were carried
out twice aweek in advanced thinning stands growing onmedium fertile
Table 2
Characteristics of selected areas from MODIS satellite data.

Site Number of NDVI pixels1 Number of FSC/NDWI pixels2 Conifero

Äkäslompolo 55 16 95
Hyytiälä 175 23 100
Kenttärova 19 8 95
Paljakka 65 17 100
Parkano 11 8 90
Saariselkä 69 21 90
Sodankylä 27 9 100

SD, standard deviation.
1 Resolution of Normalized Difference Vegetation Index (NDVI) pixels is 0.0025°.
2 Resolution of Fractional Snow Cover (FSC) and Normalized Difference Water Index (NDW
3 Fraction of coniferous forest was determined based on CORINE Land Cover 2000 for Finlan
4 Altitude is derived from digital elevation model provided by the National Land Survey of F
5 Crown cover is determined for NDVI pixels and was calculated from field sample plots me

SPOT XS data) at the resolution of 25m using the k-nearest neighbour (k-NN) classification m
soil. The microclimate at the site must be representative of the local cli-
matic conditions. The monitored trees (5 trees) are of local provenance
and preferably naturally regenerated. In order to allow accurate observa-
tion of shoot elongation, small sized trees in well-illuminated plots were
selected. Since 2007 the same trees have been monitored every year,
but before that the treesmay have changed from year to year. Further de-
tails on observations are given in Kubin et al. (2007).

2.5. Snow observations

Daily observations of snow depth and snow coverage for each
site were obtained from the nearest weather station, operated by the
Finnish Meteorological Institute (FMI). Snow coverage is estimated vi-
sually at each station in coarse classes (e-codes) following the defini-
tions by the World Meteorological Organization.

2.6. MODIS data and processing

MODIS-derived FSC and vegetation indices (NDVI and NDWI) were
investigated for the use as proxy indicators for GSSD and GPSD. Daily
Terra/MODIS Level-1B data (1 km, 500 m and 250 m products) were
collected fromNASA's Level 1 Land and Atmosphere Archive and Distri-
bution System (LAADS) and/or from the receiving station of FMI in
Sodankylä for the period from February to October 2001–2010. Raw in-
strument data were calibrated to top-of-atmosphere reflectances in-
cluding sun angle cosine correction. Observations with solar zenith
angles greater than 70° and sensor zenith angles greater than 60°
were excluded. Calibrated data were projected to geographic latitude/
longitude projection (datum WGS-84). Normalized Difference Vegeta-
tion Index (NDVI) was computed at 0.0025° resolution with Eq. (1)

NDVI ¼ RNIR−RRED

RNIR þ RRED
ð1Þ

where RNIR and RRED refer to near-infrared and red reflectance inMODIS
band 2 (841–876nm) and 1 (620–670nm), respectively.

In addition to NDVI, the NDWI was computed at 0.005° resolution
using Eq. (2)

NDWI ¼ RNIR−RMIR

RNIR þ RMIR
ð2Þ

where RMIR refers to middle infrared reflectance in MODIS band 6
(1628–1652nm).

FSC (0–1) was derived at a pixel size of 0.005 × 0.005° using the
SCAmod algorithm. Themethod uses at-satellite observed single-band re-
flectance and pixel-wise average forest transmissivity for the provision of
FSC. With MODIS, band 4 (545–565 nm) reflectance is applied. Clouds
were masked in satellite-derived indices using SYKE's operational cloud
us forest fraction3 (%) Altitude (SD) (m) a.s.l.4 Crown cover mean (SD) (%)5

329 (23.5) 34 (10.7)
170 (3.6) 36 (14.5)
325 (17.4) 29 (6.4)
292 (29.0) 50 (8.1)
144 (6.6) 53(10.3)
311 (12.1) 32 (2.8)
213 (11.5) 27 (9.5)

I) pixels is 0.005°.
d (Härmä et al., 2005).
inland with a grid size of 25× 25m and a height precision of 2m.
asured in National Forest Inventory of Finland and Image2006 satellite data (IRS LISS and
ethod (Haakana et al., 2008).

image of Fig.�2
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masking algorithm. Observations from two satellite swaths in one day
were combined to daily composites using the maximum of the observed
vegetation index (Holben, 1986) and the mean value of daily FSC
observations.

2.7. Selection of homogenous areas for comparisonwith in situ observations

For comparison of in situ measurements (GSSD and GPSD) with
satellite-derived time-series, we selected seven quasi homogenous
areas covered with coniferous forest in the vicinity of in situ sites
(Fig. 1), and that have the same environmental conditions as prevalent
at the respective in situ site (Table 2).Weaimed at large areas in order to
minimize the influence of noise and missing observations in satellite
data. Thus, the size of the area observed by the satellite sensor varied
by site. Selection of areas was based on: (i) fractional cover with conif-
erous forest (≥90%), determined from CORINE (Coordinated Informa-
tion on the European Environment) Land Cover 2000 for Finland (CLC
2000, Härmä et al. (2005)) and (ii) altitude. Altitude difference between
in situ sites and selected MODIS pixels was limited to 50m and was de-
termined from a digital elevation model for Finland, provided by the
National Land Survey of Finland with a pixel size of 25 × 25 m and a
height precision of 2 m. In some cases the location of the area was
shifted away from the in situ site (maximal distance of 10km), because
of inhomogeneity in land cover or close distance to water bodies of the
pixel covering the site. MODIS pixels with fractional water coverage
were excluded. Crown coverage was in general higher for southern
sites than for northern sites, and altitude was higher for northern than
for southern sites (Table 2).

2.8. MODIS time-series processing

Vegetation index (NDVI and NDWI) and FSC observations were
averaged for all pixels of the seven selected areas (see Table 2). Missing
observations in NDVI time-series until mid-February were filled with
the NDVI value for full snow cover. Full snow cover NDVI was deter-
mined for each pixel based on several observations at the beginning
ofMarch 2010. Gaps in daily observations due to cloud cover were filled
using linear interpolation and interpolated profiles were smoothed
afterwards using the adaptive Savitzky–Golay filter (Chen et al., 2004;
Savitzky & Golay, 1964), implemented in TimeSat software, version
2.3 (Jönsson & Eklundh, 2004), with a window size of five days. Linear
interpolation was applied to NDWI time-series.

The general shape of snow depletion curves (changes of FSC during
themelt season) for an area can bedescribed by an exponential function
Fig. 3. Example of the sigmoid function (Eq. 3) used to model the FSC time-series during
the melting period. It is defined by the inflection point (x1) and the rate of decrease of
FSC at x1, controlled by x2.
(Hall & Martinec, 1985) or by fitted splines (Lee, Klein, & Over, 2005).
Here, a simple sigmoid function (3) was used to describe the depletion
of FSC in spring from full snow cover (FSC=1) to complete snowmelt
(FSC=0).

FSCf t; x1; x2ð Þ ¼ 1

1þ exp
t−x1
x2

� � ð3Þ

where t is the time variable (day), x1 is the inflection point (day when
FSC reaches 0.5) and x2 controls the rate of change (day) (Fig. 3). The
transition from full snow cover to 0% snow cover occurs usually
very fast, because an important part of snowmelt occurs before bare
ground is exposed (Clark et al., 2006). From visual inspection of
satellite-derived time-series of FSC at different locations in Finland, it
was found that this simple sigmoid function described well the mean
behaviour of snow melt in an area.

Fitting of function (3) to FSC time-series was done in two steps
by minimizing the sum of squares of differences between Eq. (3) and
measured FSC using the Nelder–Mead Simplex algorithm. Firstly, all
observations within the period from February to July were used and
initial parameter values were set to x1 = 129 and x2 = 1. Secondly,
the time interval for fitting was limited to the melting period and
parameters x1 and x2 obtained from thefirst fitting runwere used as ini-
tial parameters for the second fitting. Using this approach, gaps due to
cloud cover can be filled, and noise due to varying viewing and illumina-
tion conditions, atmospheric influence, residual clouds or stripes can be
smoothed. However, intermittent new snow fall during the ablation
period is not captured with this function.

2.9. Extraction of GSSD and GPSD from MODIS satellite indices

We determined GSSD from time-series of NDVI and FSCf. GSSD was
extracted from NDVI at the time when NDVI's spring-rise began (see
Section 3.1). TheminimumNDVI during the period from 1st of February
to 19th of July was determined from smoothed NDVI profiles and an es-
timate of the noise level (ε) of the time-series datawas defined. Second-
ly, the condition in Eq. (4a) was applied and the last day fulfilling the
condition was determined as GSSD from NDVI:

GSSDNDVI ¼ argmax t∈ 32;200½ � f tð Þ∶ ¼ tjNDVI tð Þ bNDVImin þ εf g ð4aÞ

with t referring to day of the year (doy), NDVImin is minimum of NDVI
from 1st of February (doy 32) to 19th of July (doy 200) and ε equals
10% of the NDVI amplitude, defined as difference of the maximum
NDVI and NDVImin for each year. For the determination of GSSD from
FSCf (hereafter denoted as GSSDFSC.) a threshold value of 0.99 FSC was
applied to Eq. (3), giving the GSSDFSC as follows:

GSSDFSC ¼ x1− ln 99ð Þx2: ð4bÞ

Due to long periods with cloud cover in spring, GSSDFSC and
GSSDNDVI could not be obtained for year 2002 in Sodankylä and
Kenttärova and for year 2009 in Hyytiälä. Additionally, FSC data
was not sufficient for the retrieval of GSSDFSC for year 2005 in
Kenttärova.

For the extraction of GPSD a similar criterion as proposed by Delbart
et al. (2005) for determination of the greening-up in the boreal region
was used. According to visual comparison of GPSD and NDWI time-
series for phenological sites in this study, GPSD occurred earlier than
the greening-up (see Section 3.1). GPSD from NDWI was defined as
follows:

GPSDNDWI ¼ argmin t∈ 32;200½ � f tð Þ∶ ¼ tjNDWI tð Þ bNDWImin þ εf g ð5Þ

with NDWImin referring to the minimum NDWI and ε equals 20% of
NDWI's spring amplitude. The first observation fulfilling the condition



Table 3
Statistical equations used in the evaluation of satellite estimates.

Statistics Equation

Root mean squared error RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑N

i¼1 yi−ŷið Þ2
q

=N

Bias B ¼ ∑N
i¼1 ŷi−yið Þ=N

Coefficient of determination R2 ¼ ∑N

i¼1 ŷi−yð Þ2

∑N

i¼1 yi−yð Þ2

yi is the in situ observation and ŷi is the satellite estimate, ȳ is the arithmetic average of y
values, and N is the number of observations.
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was retained as GPSDNDWI. GPSDwas determined for the four phenolog-
ical sites for years with phenological observations (Table 1). Due to long
periods with missing data, GPSD was not retrieved for year 2005 in
Äkäslompolo and year 2001 in Saariselkä.

Satellite-derived phenological events were evaluated by comparing
estimated and in situ dates for GSSD and GPSD for all site-years and
separately by site. The applied statisticalmeasureswere RMSE, the coef-
ficient of determination (R2) and the bias (B). The equations for statisti-
cal measures are presented in Table 3.
3. Results

3.1. Comparison of satellite-derived time-series and in situ observations

Temporal profiles of FSC, NDVI andNDWI in spring 2006 at Sodankylä
are shown in Fig. 4. FSC decreased below 1 shortly after the GSSD on
26.04.2006 and when NDVI had a minimum before its spring-rise.
NDWI decreased after GSSD. A web-camera image (Fig. 5a) taken from
above the canopy at the Nordkalotten Satellite Evaluation co-operation
Network (NorSEN) mast (Sukuvaara et al., 2007) in Sodankylä, illustrat-
ed that snow had melted around tree trunks at time of GSSD
(07.05.2010) and FSC decreased about this time (Fig. 5b). Similar behav-
iour of GSSD in relation to satellite-indices, as described above, was ob-
served for the southern boreal site Hyytiälä (Fig. 6) and the spruce
dominated northern site Kenttärova (not shown); GSSD occurred during
snowmelt, when depletion of FSC started andNDVI began its spring-rise.
GPSD occurred after snowmelt, indicated by an NDWI minimum
(Delbart et al., 2005) and a FSC of 0 (Figs. 7 and 8).

Time-series of air and soil temperature, snow depth and SWC in
spring together with the time of GSSD are shown in Figs. 9 and 10 for
Sodankylä (year 2006) and Hyytiälä (year 2004), respectively. In
Sodankylä, air temperature was for several days continuously above
0 °C and soil temperature stayed at 0 °C before GSSD (Fig. 9b). Snow
depthwas 34cmand SWC reached10% (Fig. 9a). InHyytiälä, air temper-
atures rose above 0 °C before GSSD and a constant soil temperature of
0 °C was observed during the time period before GSSD (Fig. 10b). Soil
temperature increased shortly after that date. SWC was above 20% for
the whole period (Fig. 10a).

Meteorological and soil characteristics at time of GSSD were com-
pared between one northern boreal site, Sodankylä, and the southern
boreal site Hyytiälä (Table 4). Mean snow depth was higher at
Sodankylä (40 cm) than in Hyytiälä (23 cm). Highest snow depth of
65 cm at time of GSSD was found in Sodankylä in year 2005, which
was characterized by an intermittent frost period andnew snowfall dur-
ing the snow depletion period. E-code observations at both sites
showed similar characteristics related to snow patchiness; the most
dominant e-code was 7 (Wet or refrozen snow covering 100% terrain,
11/16 observation years) followed by e-code 6 (Wet or re-frozen
snow covering over 50%, but less than 100%, 4/16 observation years).
First snow-free spots appear usually early during snow melt at the
bases of trees or large rocks (Kuusisto, 1984). These first snow free
spots are not depicted by e-code observation at the weather station.
Measurements of SWC at sites Hyytiälä and Sodankylä indicated an in-
flux of snow melt water into the soil at time of GSSD (Figs. 9a, 10a and
Table 3), increasing the soil temperature and the water availability to
trees. Air temperature for both sites was always above 0 °C at time of
GSSD, and soil temperature for the upper soil layer ranged between −
0.52 and 0.25°C in Sodankylä (5cm depth), and 0.07 and 0.77°C (A-ho-
rizon) in Hyytiälä (Table 4). The upper soil layer was usually not
completely frozen during the period from February to GSSD in Hyytiälä,
but in Sodankylä negative soil temperatures were commonly observed
until the influx of snow melt water. The 5-day moving average of air
temperature (T5air, Table 4), which had previously been used for the
prediction of GSSD by Thum et al. (2009), showed differences in T5air
at time of GSSD: the average T5air as well as its range was higher for
Sodankylä (4.2 °C, 9 °C) than for Hyytiälä (3.6 °C, 5 °C).
3.2. GSSD based on MODIS time-series

Comparisons between satellite-derivedGSSD (GSSDNDVI andGSSDFSC)
and in situ dates from three boreal coniferous sites covering observation
years 2001 to 2010 are shown in Figs. 11 and 12. Both indices depicted
well the growing season start date with a slightly lower RMSE of
5.3 days for GSSDFSC compared to 6.3 days for GSSDNDVI. The range of
GSSD from the southern to northern sites was captured with the indica-
tors GSSDNDVI andGSSDFSC, but data pointswere grouped for the northern
and southern sites, especially forGSSDNDVI, implying that inter-annual dif-
ferences at a specific site are less well captured by GSSDNDVI. The satellite-
indicators detected on average the growing season start 1–2 days later
than in situ observations (Table 5). High R2 (N0.8) values resulted also
from the large range between northern and southern sites in time of
GSSD and we examined therefore also site-wise correspondence
(Table 5). Correlations between GSSDNDVI and in situ dates were signifi-
cant only for site Hyytiälä, whereas significant site-wise correlations
between GSSDFSC and in situ dates were obtained for sites Sodankylä
and Hyytiälä (R2N0.7), as well as a higher R2 for site Kenttärova. Note
that for the Kenttärova site only 6 years were available for compari-
son. The combination of observations for the two northern boreal
sites led to an R2 of 0.53 for GSSDFSC. The lower R2 for northern
sites is mainly due to larger errors for the Kenttärova site with dom-
inance of spruce. Latest GSSD according to flux measurements was
observed in Kenttärova on 23rd of May 2008. Both satellite-indices
suggested a start of season too early in that year with 14 days and
9 days differences for GSSDFSC and GSSDNDVI, respectively. This was
also the largest error obtained for GSSDFSC. Actual recovery lagged
snow melt in that year (zero cm snow depth on 19th of May 2008),
which might be due to a cold spell, as observed by air temperature ob-
servations in Kenttärova. Largest error for GSSDNDVI of 16 days in year
2003 was as well found for this site.
3.3. GPSD based on MODIS time-series

Results for the determination of GPSDNDWI for four phenological
sites according to Eq. (5) are shown in Table 6 and Fig. 13. Satellite-
derived GPSDNDWI for 29 site-years accounted only for 54% of the
variation in situ observations and data point were dispersed and
grouped by site (Fig. 13). Site-wise correlations were not significant
and R2 remained below 0.5 for three out of four sites (Table 6), hence
inter-annual variability at site-level cannot be captured. Mean GPSD for
each phenological site could nevertheless be depicted by NDWI time-
series with B ranging from −2 to 3 days for different sites (Table 6).
We observed differences in B between sites from southern and
central Finland (Parkano, Paljakka), and northern sites (Äkäslompolo,
Saariselkä), with an early B (2–3 days) for the first two stations and a
late B (2–3days) for the latter.



Fig. 4. Satellite-derived time-series of vegetation indices and snow cover at Sodankylä during the period from mid-March to July 2006: (a) Fractional Snow Cover, FSCf; (b) NDVI and
NDWI. The vertical grey line indicates GSSD on 26.04.2006.
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3.4. Demonstration of the mapping of GSSD for Finland

The results described in previous sections suggest that the
MODIS-derived estimate of FSC can be used as proxy for the spatial
mapping of GSSD (Fig. 12). This is shown in Fig. 14 by applying
Eq. (4b) to time-series of FSCf. In order to reduce noise and gaps
due to cloud cover in FSC time-series, daily observations from pixels
with at least 70% coniferous forest coverage were aggregated to a
grid size of 0.1 × 0.1°. The aggregation of time-series to a coarser
grid was found useful for the mapping of the autumn colouring
from MODIS time-series (Rauste et al., 2007). Furthermore, maps
are intended for comparison with the spatial distribution of
modelled GSSD by a land surface scheme forced with regional
Fig. 5. (a)Web-camera photograph taken from theNorSENmast (30mheight) in Sodankylä on
grey line indicates GSSD.
meteorological data, which are typically calculated at a coarser grid
size than MODIS satellite observations. Daily FSC observations were
averaged for each grid cell after removing outliers based on the crite-
rion of two standard deviations. Function (3) was fitted to average
FSC time-series of each grid cell and GSSDFSC was extracted from
the fitted profile based on Eq. (4b). The delay of spring photosynthet-
ic recovery in coniferous forest in Finland from Southwest to North-
east is illustrated in Fig. 14. This is in correspondence with the
climatic gradient. The map for year 2007 showed an earlier GSSD
for most areas in Finland compared to year 2004. Thermal spring in
2007 began about one month earlier than average in Finland; mean
temperatures in March 2007 were higher than normal (Finnish
Meteorological Institute, 2012).
GSSD (07.05.2010). (b) FSC andNDVI time-series in Sodankylä in spring 2010. The vertical
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Fig. 6. Satellite-derived time-series of vegetation indices and snow evolution at Hyytiälä from mid-March–August in 2004: (a) Fractional Snow Cover, FSCf and (b) NDVI and NDWI. The
grey vertical line indicates GSSD (14.04.2004) and the black vertical line GPSD (Parkano, 29.04.2004).
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4. Discussion

4.1. Snow melt as indicator for photosynthetic recovery

We found correspondence of the time of photosynthetic recovery
in boreal evergreen coniferswith the timeduring snowmeltwhen ground
starts to be exposed as observed by satellite-derived indices. Our findings
are supported by the results by Thum et al. (2009), who reported that the
beginning of growing season in boreal conifers corresponded well with
the decrease of MODIS/Terra+Aqua albedo observations. Furthermore,
Kimball, McDonald, Running, and Frolking (2004) found good correspon-
dence between timing of seasonal snowmelt observed by radar backscat-
ter measurements and growing season initiation (start of xylem sap
flow), as well as with ecosystem process model simulations for boreal,
maritime and subalpine sites in Northern America.

Photosynthetic recovery in boreal conifers is mainly controlled by
increasing air temperature (Mäkelä et al., 2004; Suni et al., 2003),
which also controls the snow melt. The response to air temperature
seems to be slower in colder northern sites than southern boreal sites
(Gea-Izquierdo et al., 2010; Suni et al., 2003; Thum et al., 2009),
Fig. 7. Satellite-derived time-series of vegetation indices and snow evolution at Parkano fromm
black vertical line indicates GPSD (29.04.2004).
which may be attributed to deeper frozen soils in northern sites than
in southern sites and a longer time lag between the rise in air and soil
temperatures. Also in this study, T5air at time of GSSD was higher for
the northern site Sodankylä than at the Hyytiälä site; northern sites
Kenttärova and Sodankylä are characterized by a larger snow pack
and lower soil temperatures inwinter (Figs. 9 and 10) than the Hyytiälä
site. Besides favourable air temperature, the isothermality of the snow
pack is a pre-requisite for full springtime recovery of photosynthetic
uptake, permitting continuous daytime percolation of melted snow
water through the vertical snow profile and availability of snow melt
water to trees (Kimball et al., 2004; Monson et al., 2005). The GSSD,
determined here at a fixed rate of growing season GPP, occurred when
a high amount of snow had already melted and melt water percolated
into the soil as indicated by relatively high levels of soil water content
(Table 4 and Figs. 9a, 10a).

4.2. Detection of GSSD from MODIS time-series

The depletion of snow cover in spring was used as indicator for
the extraction of GSSD from daily time-series of FSC and NDVI for
id-March–August in 2004: (a) Fractional Snow Cover, FSCf and (b) NDVI and NDWI. The

image of Fig.�6
image of Fig.�7


Fig. 8. Satellite-derived time-series of vegetation indices and snow evolution at Saariselkä frommid-March–August in 2004: (a) Fractional Snow Cover, FSCf and (b) NDVI and NDWI. The
black vertical line indicates GPSD (27.05.2004).
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three boreal evergreen coniferous sites in Finland (Figs. 4a and 6a).
GSSDFSC was better suited for the detection of GSSD than GSSDNDVI

(Table 5, Figs. 11, 12). FSC time-series used in this study were de-
rived with the SCAmod method, which provides low omission errors
for full snow cover as well as for low snow fractions (Metsämäki
et al., 2012), which is an advantage for the detection of timing of
melting onset and snow clearance. Furthermore, the method com-
pensates for the effect of different crown coverage of the forest
Fig. 9. Time-series of meteorological and soil parameters at Sodankylä for the pe-
riod from mid-February to July 2006: (a) Snow depth (cm) and volumetric SWC
(%) and (b) daily air and soil temperature (°C). The vertical grey line indicates
GSSD on 26.04.2006. Soil water content and soil temperature were measured
at 5 cm depth.
sites (Table 2) by using forest transmissivity in the retrieval of FSC
(Metsämäki et al., 2005). In contrast, the NDVI winter level is depen-
dent on crown coverage, e.g. showing higher NDVI values for southern
boreal sites (Figs. 6b, 7b) than for the northern sites (Figs. 4b and 8b).
This was accounted for by using a relative NDVI threshold for the de-
tection of GSSD, which is similar to approaches for the greening-up
of temperate deciduous forests (Badeck et al., 2004; White et al.,
1997).
Fig. 10. Time-series of mean daily meteorological and soil parameters at Hyytiälä for the
period from mid-February to August 2004: (a) Snow depth (cm) and volumetric SWC
(%) and (b) air and soil temperature (°C). The vertical grey line indicates GSSD on
14.04.2004 and the black vertical line GPSD (Parkano, 29.04.2004). Soil water content
and soil temperature were measured for soil A-horizon (0–10 cm depth).
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Table 4
Growing season start dates (GSSD) together with meteorological and soil characteristics on GSSD at CO2 flux measurement stations in Sodankylä and Hyytiälä.

Site Year GSSD (doy) Snow depth (cm) e-code SWC (%) T5air (°C) Tsoil (°C)

Hyytiälä 2001 95 25 7 32 4.33 0.17
2002 102 20 6 36 6.22 0.77
2003 107 15 5 29 5.14 0.35
2004 105 27 6 29 3.51 0.07
2005 93 19 * 30 5.13 0.10
2006 104 33 7 24 2.69 0.17
2007 75 14 7 29 1.46 0.16
2008 90 34 7 32 4.12 0.64
2009 97 * 7 30 1.11 0.15
2010 90 * 7 19 2.75 0.25

Sodankylä 2001 118 34 7 * 4.39 −0.29
2002 114 43 7 * 6.63 −0.52
2003 127 20 6 * 2.63 −0.27
2004 120 37 6 * 5.07 0.01
2005 126 65 7 * 0.04 0.04
2006 116 34 7 10 6.32 0.23
2007 113 44 7 25 0.24 0.06
2008 122 43 * * 9.43 0.22
2009 120 * * 11 5.01 0.24
2010 127 * * 22 1.76 0.25

SWC, volumetric soil water content. T5air, 5daymoving average of daily air temperature. Tsoil, daily soil temperaturemeasured at 5 cmdepth in Sodankylä and for the A-horizon (0–10cm
depth) in Hyytiälä.
Snowdepth and e-codes for Hyytiälä and Sodankylä were obtained frommeteorological stations Juupajoki Hyytiälä and Sodankylä Arctic Research Centre of FMI, respectively. An asterisk
(*) denotesmissing observations. Description for e-code values: 5, Snow covering over 0%, but less than 50% of the terrain; 6,Wet or re-frozen snow covering over 50%, but less than 100%
of the terrain; 7, Wet or re-frozen snow covering 100% of the terrain.
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We used large homogenous areas near in situ sites for the retrieval
of satellite-indicators. Better correlations were obtained for comparisons
between satellite-derived and ground observation of phenology for
homogenous vegetation covers, and itwas suggested that land cover het-
erogeneity is amain error source (Doktor, Bondeau, Koslowski, & Badeck,
2009; Maignan et al., 2008). In addition, due to the mismatch between
the spatial scales of satellite and field observations (Liang, Schwartz, &
Fei, 2011) and the averaging out of errors in coarser measurements,
higher spatial representation (coarser resolution) of satellite estimates
led to better correlations with seasonal transitions derived from ECmea-
surements (Garrity et al., 2011). Satellite-estimates from single pixels are
more likely to be influenced by noise and missing values. Reducing the
size of the area for the retrieval of GSSDFSC for the Hyytiälä site from 23
to 9 pixels (0.005×0.005° resolution) decreased accuracy slightly, with
lower R2 (0.71) and higher B (2.9 days). Missing data is especially
Fig. 11. Comparison of in situ measurements of GSSD with estimates derived from time-
series of NDVI (GSSDNDVI). Doy is day of year. Black line shows linear regression line be-
tween in situ data and GSSDNDVI.
relevant for northern latitudes with long periods of cloud cover and a
fast development of vegetation in spring (Beck et al., 2006). A daily cov-
erage of satellite observations is beneficial in capturing the timing of
snow cover decrease, as snowmelt proceeds very fast after the peak of
melting; the period corresponding to partial snow cover in forest lasts
in northern, central and southern Finland about 15 days in average
(Kuusisto, 1984). However, even with daily observations and large
areas, data gaps in cloud-free MODIS observations for the spring period
in some years were too long for the retrieval of satellite-proxy indicators
(e.g. time period in Sodankylä withmissing observations was more than
a month in 2002).

Most available methods for the retrieval of the beginning of the
growing season in the boreal zone from optical satellite observations
aimed at the detection of the greening-up of deciduous vegetation
with reference to the bud burst of deciduous trees (Delbart, Le
Fig. 12. Comparison of in situ measurements of GSSD with estimates derived from time-
series of Fractional Snow Cover (GSSDFSC). Doy is day of year. Black line shows linear re-
gression line between in situ data and GSSDFSC.
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Table 5
Growing season start date (GSSD) as measured by NDVI and FSC and as defined from CO2 flux measurement sites.

Site In situ Estimate from NDVI Estimate from FSC

Mean GSSD (doy) # y Mean GSSDNDVI (doy) R2 B (day) # y Mean GSSDFSC (doy) R2 B (day)

Hyytiälä 96 10 98 0.80** 2 10 98 0.79** 2
Kenttärova 124 7 125 0.30 1 6 125 0.50 1
Sodankylä 121 9 123 0.25 2 9 122 0.73** 1
All sites 112 26 114 0.84** 2 25 113 0.89** 1

#y, number of yearswhen both in situ data and satellite observationswere available for comparison. GSSD, growing season start date fromCO2 fluxmeasurements. Doy, day of year. GSSDNDVI,
growing season start date from NDVI. GSSDFSC, growing season start date from Fractional Snow Cover. R2, coefficient of determination, * significant at 5% level, ** significant at 1%
level. B is bias.
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Toan, Kergoat, & Fedotova, 2006; Delbart et al., 2005, 2008; Karlsen,
Elvebakk, Høgda, & Johansen, 2006; Karlsen et al., 2007, 2008;
Shutova et al., 2006). Therefore, these results are not directly compa-
rable to our results. Recently, Gonsamo et al. (2012) developed a new
phenological index (PI) combining the advantages of NDVI and Nor-
malized Difference Infrared Index (NDII), similar to NDWI. The re-
sults based on PI for boreal coniferous sites in Canada, with a
similar range of start of season dates as in this study, showed low
correlation and an RMSE of 17.2 days. Estimates of growing season
initiation from radar observations occurred up to 10 days earlier
than site measurements of growing season initiations (onset of
xylem sap flow) for two years of observations across 10 evergreen
forest study sites in Northern America (Kimball et al., 2004). The ob-
served RMSE from radar estimates was with 9.9 days (Kimball et al.,
2004) and 8.7 days (Bartsch, Kidd, Wagner, & Bartalis, 2007) higher
than for GSSDFSC as well as GSSDNDVI (Figs. 11 and 12).

Since air temperature is commonly used as predictor for GSSD, we
compared our results also with air-temperature derived estimates of
GSSD. Good accuracy was achieved for northern latitudes when
optimizing temperature threshold values for a specific site. Suni et al.
(2003) found good agreement between the commencement day of
photosynthesis (P, defined here from NEE) and the day when the
threshold values of T5air (3.3 °C and 6.5 °C for Hyytiälä and Sodankylä,
respectively) was exceeded. Temperature-derived P deviated from ob-
servations in the range of 0–2 and 2–3days for Hyytiälä and Sodankylä,
respectively. However, applying a common threshold to five different
sites in the boreal region led to a prediction error of 8.6days, compared
to 5.3 days for GSSDFSC in this study (Fig. 12), and systematically later
observed P for the northern sites and vice versa for the warmer Hyytiälä
site. The bias of GSSDFSC was low for all three sites in Finland, showing
only a one day larger B for Hyytiälä than for the northern sites
(Table 5). In a study including more site-years, but applying the same
method as Suni et al. (2003) for the determination of P, prediction
error for T5air ranged between 1–5 and 2–22 days for Hyytiälä and
Sodankylä, respectively (Thum et al., 2009). Prediction of P from T5air
in Hyytiälä preceded observed P always. RMSE for site-specific
Table 6
Growth of pine start date (GPSD) as measured by NDWI and as observed at phenological
sites.

Site # y Mean GPSD (doy) Mean GPSDNDWI (doy) R2 B (day)

Äkäslompolo 5 145 149 0.18 3
Paljakka 10 139 136 0.05 −3
Parkano 9 121 119 0.05 −2
Saariselkä 5 143 145 0.74 2
All sites 29 136 134 0.54** −2

#y, number of years when both in situ and satellite data were available for comparison.
GPSD, growth of pine start date fromphenological observation.Doy, day of year. GPSDNDWI,
growth of pine start date from Normalized DifferenceWater Index. R2, coefficient of deter-
mination, ** significant at 1% level. B is bias.
thresholds of T5air for 11 sites-years from Hyytiäla, Sodankylä and
Kenttärova was 7.3days.

4.3. Detection of GPSD from MODIS time-series

We derived GPSD from daily NDWI time-series for four sites with
dominance of pine trees (Fig. 13). The method applied here does not
actually detect the beginning of shoot growth, but GPSD is related to
the end of snow melt as described by the decrease of NDWI. Mean
GPSDNDWI occurred before the greening-up of deciduous species deter-
mined by themethod of Delbart et al. (2005). Early bias in GPSDNDWI for
northern sites (Äkäslompolo and Saariselkä) (Table 6) suggested an
overlap of snowmelt and beginning of shoot growth as also reported
by Gonsamo et al. (2012). Changes in NDVI as well as NDWI time-
series after the end of snow melt were very small (Figs. 7 and 8),
which corresponds to observations by Jönsson et al. (2010). Vegetation
indices specifically developed for the tracking of seasonal change in leaf
area index of evergreen coniferous forest (e.g. Stenberg, Rautiainen,
Manninen, Voipio, & Smolander, 2004) might be better suited for the
determination of GPSD and should be considered in further studies.

4.4. Mapping of GSSD in Finland

Satellite-derived maps for the start of the growing season (defined
as greening-up) in Fennoscandia were presented by Beck et al. (2006)
Fig. 13. Comparison of in situ measurements of GPSD with estimates derived from time-
series of NDWI (GPSDNDWI). Doy is day of year. Black line shows linear regression line
between in situ data and GPSDNDWI.
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Fig. 14.Maps of satellite-derived growing season start date from Fractional Snow Cover (GSSDFSC) for years (a) 2004 and (b) 2007 in evergreen coniferous forest in Finland.
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and Karlsen et al. (2007). Here, we targeted at the detection of recovery
of photosynthetic activity in evergreen coniferous forest, thus results
are not comparable in their timing. The greening-up in Southern
Finland occurred on average (years 1982–2002) between 1 and 15
May in the results of Karlsen et al. (2007). In this study, GSSDFSC was ob-
served as early as mid-March to mid-April (Fig. 14). However, the spa-
tial patterns were in general consistent between greening-up and
GSSD as well as with modelled bud-burst of birch (Bennie, Kubin,
Wiltshire, Huntley, & Baxter, 2010) and followed the climatic gradient.
GSSD maps suggested a very early start of the growing season in the
south-western coastal areas (Fig. 14; hemiboreal zone, Fig. 1) in
Finland. The applicability of the method for mapping of GSSD based
on FSC to the hemiboreal zone and also to the southern part of the bore-
al zone may fail in winters with very low snow depth, when the direct
effect of low temperature or the combination of low temperature and
high light (Delpierre et al., 2012; Gea-Izquierdo et al., 2010) are more
important for the restriction of photosynthetic recovery in spring. In
contrast to other studies, we separated the coniferous forest from
other land cover classes for the mapping of GSSD and considered only
MODIS pixels with dominant coniferous fraction. Although, maps
were presented at coarse resolution (0.1 × 0.1°), this approach has the
advantage that differentmethods can be applied for areaswith different
vegetation cover, thus allowing comparisons with GSSD calculated by a
land surface scheme for different plant functional types.

5. Conclusion

In this study, MODIS-derived time-series of NDVI, NDWI and FSC
were compared with in situ measurements of the start of growing
season determined from CO2 flux measurements and with phenologi-
cal observations of the beginning of pine growth at four sites in
Finland in order to find suitable satellite indicators for these events.
The time during snow melt when ground starts to be exposed
corresponded well with GSSD (R2 N 0.8, RMSE b7 days) at three flux
measurement sites in boreal evergreen coniferous forest. The
satellite-indicator can be derived from both NDVI and FSC time-
series, but with higher accuracy from FSC time-series. This is important
for the mapping of the beginning of the growing season in the boreal
region, as current optical satellite-based methods (e.g. Delbart et al.,
2008; Karlsen et al., 2008) rely mainly on validation with observations
of bud burst of deciduous trees, which lag behind the beginning of
photosynthetic recovery in coniferous trees. The satellite-derived indi-
cator GSSDFSC did not show systematic differences between northern
and the southern sites and estimation errors seem to be lower com-
pared to air temperature derived indicators when using common
thresholds for sites in different zones of the boreal region. Furthermore,
the mapping of GSSDFSC was demonstrated in this paper. In contrast,
the satellite-derived indicator GPSDNDWI showed only low correlation
with phenological observations of pine growth and cannot be applied
for the mapping of this event. The calibration of satellite indicators to
GSSD from CO2 flux measurements opens the possibility to evaluate
the spatial distribution of land-surface model-derived beginning of
growing season against satellite observations.
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