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Abstract
Triggered by decreases in photoperiod and temperature, evergreen needle-leaved trees in the boreal region downregulate
photosynthetic activity and enter dormancy in autumn. Accompanying changes in canopy structure and chlorophyll con-
tent are small and precede the cessation of photosynthetic activity. Low solar elevation and cloud cover during this period
pose additional challenges for the use of optical satellite instruments. Alternatively, environmental variables that correlate
with photosynthesis, such as soil freeze, can be detected from satellite microwave observations independent of weather
and illumination conditions. We tested for the first time the usability of satellite-observed soil freeze from the Soil Mois-
ture and Ocean Salinity (SMOS) instrument as a proxy indicator for the end of vegetation active period (VAPend) at six
eddy covariance sites in Finland and Canada. The time when soil freeze commenced over the large SMOS pixel can be
employed to estimate VAPend (R2 �0.84, RMSE�7.5 days), defined as the time when the photosynthetic capacity of
the forest drops below 10% of the growing season maximum. In comparison to satellite-based soil freeze timing, an air
temperature-based proxy from ERA-Interim reanalysis data showed better performance (R2 �0.92, RMSE�5.2 days).
VAPend was mapped in the boreal forest zone in Finland and Canada from both indicators based on linear regression
models.
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Zusammenfassung
Die Ableitung des Zeitpunktes des Endes der photosynthetisch aktiven Periode borealer Wälder aus Satellitendaten zum
Bodenfrost und ERA-Interim Temperaturdaten. Im Herbst regeln immergrüne Nadelbäume in der borealen Zone ihre
photosynthetische Aktivität herab und gehen in einen Ruhezustand über. Dieser Prozess wird durch eine Verringerung der
Photoperiode und der Temperatur ausgelöst. Veränderungen in der Kronenstruktur und des Chlorophyllgehaltes, die diesen
Prozess begleiten, sind kaum sichtbar und treten bereits vor der Einstellung der Photosynthese auf. In diesem Zeitraum
erschweren darüber hinaus der tiefe Sonnenstand und häufige Bewölkung die Anwendung von optischen Satellitendaten.
Als Alternative können Umweltfaktoren, die die Photosynthese beeinflussen, wie z.B. der Bodenfrost, unabhängig von
Wetterbedingungen mittels Mikrowellen-Fernerkundung erfasst werden. Anhand von sechs Beobachtungsstandorten in
Finnland und Kanada wurde daher in dieser Arbeit untersucht, ob Satellitendaten zum Bodenfrost zur Bestimmung des
Zeitpunktes des Endes der aktiven Vegetationsperiode (VAPend) immergrüner borealer Nadelwälder geeignet sind. VAPend
wurde an den Beobachtungsstandorten aus Messungen des Kohlenstoffflusses mit der Eddy-Kovarianz-Methode bestimmt.
Erstmals wurden für die Analyse des Zusammenhangs von Bodenfrost und VAPend Satellitendaten der Soil Moisture and
Ocean Salinity (SMOS) Mission eingesetzt. Zum Vergleich wurde der Beginn des Luftfrosts aus ERA-Interim Reanalyse
Daten abgeleitet. Die Untersuchung ergab einen engen Zusammenhang des Zeitpunktes des Beginns der Frostperiode mit
VAPend, wobei der erste Luftfrosttag eine höhere Korrelation mit VAPend zeigte (R2 � 0,92, RMSE � 5,2 Tage) als der
erste SMOS-basierte Bodenfrosttag (R2 � 0,84, RMSE � 7,5 Tage). VAPend wurde mit Hilfe linearer Regressionsmodelle
aus dem ersten Luftund Bodenfrosttag abgeleitet und in der borealen Zone in Finnland und Kanada dargestellt.

1 Introduction

Ecosystem processes related to carbon, water and nutrient
cycling are directly linked to vegetation phenology. Climate
change is affecting the timing of phenological events, and
vegetation phenology has, therefore, been proposed as an
indicator for long-term biological impacts of climate change
on terrestrial ecosystems (Schwartz 1998;Menzel andFabian
1999; Richardson et al. 2013). Lengthening of the growing
season is expected as the consequence of increasing tem-
peratures caused by climate change (Fronzek et al. 2012;
Laapas et al. 2012). An earlier start of the growing season in
the boreal forest increases carbon sequestration (Black et al.
2000; Pulliainen et al. 2017). Warmer autumns resulted in a
greater increase in respiration compared to gains in photosyn-
thesis (Piao et al. 2008; Vesala et al. 2010). Still, the impacts
of predictedwarmingwith rising temperatures in autumn and
the foreseen lowered temperature seasonality (Xu et al. 2013)
are uncertain and photoperiod may constrain potential future
lengthening of the growing season in autumn (Mäkelä et al.
2006). Despite the importance of autumn phenology for the
variability of productivity, it has received less consideration
than spring phenology (Wu et al. 2012; Gonsamo and Chen
2016).

Trends in autumn phenological events, such as leaf colour-
ing, were analysed from in situ observations of deciduous
species and from satellite-observed phenology based on veg-
etation indices.Results vary regionally depending on the con-
sidered time period. Satellite observations show delayed leaf
senescence in the boreal forest inEurasia, parts of Fennoscan-

dia and inNorthernAmerica for the period1982–2008 (Jeong
et al. 2011). A later end of the growing season was observed
in southern Fennoscandia for the period 1982–2006 (Karlsen
et al. 2009). Instead, fromground observations of leaf colour-
ing of birch in Finland, no significant changes were found for
the period 1997–2006 (Pudas et al. 2008). Autumn Normal-
ized Difference Vegetation Index (NDVI) increased during
the period 1982–2006 in large parts of Eurasia (Piao et al.
2011). However, trends in autumn senescence from the Phe-
nological Index were not significant for most parts of the
boreal region for the period 1999–2013 (Gonsamo and Chen
2016).

To protect their photosynthetic apparatus against frost
damage during winter, coniferous trees in the boreal zone
develop frost hardiness and enter dormancy. The decrease
in photosynthetic capacity and the cessation of growth are
triggered by shortening of the photoperiod and decreasing
temperature (Vogg et al. 1998; Öquist and Huner 2003; Suni
et al. 2003; Sevanto et al. 2006; Vesala et al. 2010; Bauerle
et al. 2012). The oldest leaves of evergreen needle-leaved
trees are shed in autumn with the lifespan and turnover rates
depending on the tree species. The lifespan increases and
turnover rates decrease from south to north in the boreal
evergreen forests (Reich et al. 2014). After the oldest foliage
drops, evergreen needle-leaved trees continue to photosyn-
thesize until the occurrence of severe frosts (Vogg et al. 1998;
Suni et al. 2003; Wu et al. 2012). The development of frost
hardiness leads to a loss of chlorophyll and an increasing
capacity to transform absorbed light into heat (Öquist and
Huner 2003). The process of downregulation of photosyn-
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thesis in autumn can be divided into two stages. First, an
initial decline is observed as a response to low temperatures.
During this stage, photosynthesis recovers fast when con-
ditions become favourable. Second, a more persistent stage
of dormancy is reached with harsher winter conditions and
photosynthesis recovers more slowly even when conditions
become favourable (Kolari et al. 2014). We refer to the latter
stage as the end of the vegetation active period (VAPend),
where the vegetation active period (VAP) is defined as the
period of the year when vegetation is assimilating carbon
through photosynthesis.

Satellite methods that track changes in the leaf area
index (Jin and Eklundh 2014), the pigment content (Gamon
et al. 2016; Ulsig et al. 2017), and the end of the grow-
ing season (Gonsamo and Chen 2016) in boreal evergreen
needle-leaved forest from vegetation indices were devel-
oped, but the detection of VAPend from satellite observations
remains challenging. Observations with optical instruments
are hindered by frequent cloud cover and low solar eleva-
tion in autumn at high latitudes. Recently, the re-emission
of excess energy, not used in the photosynthetic process,
has been observed as sun-induced chlorophyll fluorescence
(SIF) from space (Joiner et al. 2014; Walther et al. 2016).
Satellite retrievals of surface fluorescence were found to be
less affected by atmospheric scattering than those of sur-
face reflectance (Frankenberg et al. 2012; Frankenberg et al.
2014; Köhler et al. 2015); however, at low solar elevation, the
noise in the SIF signal increases and is possibly biased by
rotational-Raman scattering (Joiner et al. 2014). Moreover,
currently available satellite measurements of chlorophyll
fluorescence have a large footprint which complicates com-
parison with CO2 flux measurements (Joiner et al. 2014).

Therefore, the development of robust satellite indica-
tors for VAPend in boreal evergreen needle-leaved forest
is still lacking. In addition to observations of changes in
canopy structure, chlorophyll content and, more directly,
chlorophyll fluorescence, environmental variables that cor-
relate with photosynthesis, such as temperature, soil freeze
(Jarvis and Linder 2000; Barr et al. 2009; Barichivich et al.
2013), snow cover, and incoming radiation could help to
track autumn seasonal changes in boreal forests from space.
In this work, we will focus on satellite indicators of soil
freeze.

Despite the fact that soil freeze is not a primary cause
for the start of photosynthetic downregulation in autumn,
we hypothesize that it can be used as a proxy indicator for
VAPend in evergreen boreal trees. Photosynthesis is always
associated with water loss due to transpiration that needs
either be balanced by soil water uptake or change in stem
water storage (Sevanto et al. 2006). As soil freeze will block
the water transport from the soil to trees, it may be more
directly related to photosynthesis (Hölttä et al. 2017), even
though photosynthesis has been observed when the soil and

tree stem were partially frozen in boreal coniferous forest
(Suni et al. 2003; Sevanto et al. 2006).

Soil freeze can be detected from active and passive
microwave observations (Kimball et al. 2004; Smith et al.
2004; Bartsch et al. 2007; Kim et al. 2011; Kim et al. 2012;
Roy et al. 2015; Rautiainen et al. 2016; Derksen et al. 2017)
with the advantage of independence from weather condi-
tions and low solar elevation during autumn and winter in
the high latitudes. New observations of the soil freeze state
from L-band (1–2 GHz) active radar and passive microwave
radiometers (Roy et al. 2015; Rautiainen et al. 2016; Derksen
et al. 2017) bring the advantage of higher emission depth and
lower sensitivity to vegetation and snow cover compared to
observations from higher frequencies (Kimball et al. 2004;
Kim et al. 2011) that have been used earlier to derive informa-
tion on soil freeze (Rautiainen et al. 2012; Roy et al. 2015).

The objective of this study was to investigate the possi-
bility of applying satellite-observed soil freeze as a proxy
indicator for VAPend in boreal evergreen needle-leaved
forests. For this, we utilized observations of soil freeze
state detected from L-Band passive microwave observations
from the European Space Agency’s Soil Moisture and
Ocean Salinity (SMOS) mission (Rautiainen et al. 2016).
In addition to satellite-derived soil freeze, we also included
an autumnal freeze indicator from ERA-Interim reanalysis
air temperature data in our analysis. We described the late
stages of photosynthetic downregulation with three dates
for VAPend (see Sect. 2.4) that were determined from CO2

flux measurements for six sites in the boreal forest zone in
Finland and Canada. The relationship between VAPend and
indicators for air and soil freeze was analysed, and based on
that, proxy indicators for mapping of VAPend at continental
to global scales were developed.

2 Materials andMethods

2.1 Measurement Sites

We selected six CO2 flux measurement sites in evergreen
needle-leaved boreal forest. Three sites are located in Fin-
land and three sites in Canada (Fig. 1, Table 1). The Canadian
sites (CA-Obs, CA-Ojp and CA-Qfo), and one Finnish site
(Hyytiälä, FI-Hyy) belong to the southern boreal phyto-
geographical zone, whereas two Finnish sites, Kenttärova
(FI-Ken) and Sodankylä (FI-Sod), belong to the northern
boreal zone. All Finnish sites are located further north
(62–68°N) than the Canadian sites (50–54°N). The solar ele-
vation at solar noon decreases below30° at the end ofOctober
at CA-Qfo but at the beginning of September at FI-Ken. The
dominant tree and understory species vary by site.

CA-Obs and CA-Ojp are located at the southern edge of
the boreal forest about 100 km north-east of Prince Albert in
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Fig. 1 Location of CO2 flux
measurement sites in the boreal
forest zone in Canada (a), and
Finland (b)

central Saskatchewan, Canada. The distance between the two
sites is approximately 30 km. Both sites are characterized by
old growth forests that regenerated after fire events in 1879
and 1929 at CA-Obs and CA-Ojp, respectively (Kljun et al.
2006). CA-Obs is dominated by black spruce (Picea mar-
iana Mill. BSP) with sparsely distributed tamarack (Larix
laricina Du Roi) and jack pine (Pinus banksiana Lamb), and
the ground cover consists of mosses (sphagnum and feather
mosses) and sparse understory. Further site characteristics

are given in Kljun et al. (2006), Bergeron et al. (2007) and
Krishnan et al. (2008). CA-Ojp is a homogenous jack pine
forest with a uniform age structure (Griffis et al. 2003; Kljun
et al. 2006). The understory is dominated by lichen and green
alder (Alnuscrispa Ait.). Due to its location in a topographic
depression, CA-Obs is poorly drained and has a high water
table. Soil at CA-Ojp is coarse textured and well drained
(Kljun et al. 2006).
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Table 1 Characteristics of CO2 flux measurement sites

Site FI-Hyy FI-Ken FI-Sod CA-Obs CA-Ojp CA-Qfo

Name Hyytiälä Kenttärova Sodankylä Saskatchewan,
southern old
black spruce

Saskatchewan,
old jack pine

Quebec, eastern
old black spruce

Country Finland Finland Finland Canada Canada Canada

Latitude (decimal
degrees)

61.85N 67.99N 67.36N 53.99N 53.92N 49.69N

Longitude (decimal
degrees)

24.29E 24.24E 26.64E 105.12W 104.69W 74.34W

Altitude above sea
level (m)

170 347 179 629 579 382

Forest type Scots pine/
Norway spruce

Norway
spruce

Scots
pine

Mature black
spruce

Mature jack pine Mature black
spruce

Mean annual air
temperature (˚C) and
precipitation (mm)

3.5a

711
−1.8b

501
−0.8c

507
0.4d

467
0.4d

467
−0.0e

961

Data availability 2001–2016 2003–2015 2001–2016 2001–2011 2001–2011 2003–2010

Long-term records of air temperature and precipitation are for the period
a1981–2010 in Hyytiälä
b1971–2000 from station Kittilä Pulju
c1971–2000 from station Sodankylä (Drebs et al. 2002)
Long-term averages of air temperature and precipitation for the period
d1971–2000 at station Waskesiu Lake
e1971–2000 at station Chapais 2 (www.climate.weatheroffice.gc.ca. Accessed 17 Oct 2018)

CA-Qfo, located 30 km south of Chibougamau (Quebec),
is dominated by black spruce and the forest floor consists
mainly of feather mosses, sphagnum and lichen. The forest
stand covers the tower flux footprint, except in the south-east
direction where a peatland is situated. Further details of the
site are given in Bergeron et al. (2007) and Coursolle et al.
(2012).

FI-Hyy in southern Finland belongs to the SMEAR II
station (Station forMeasuring Ecosystem-Atmosphere Rela-
tions) of the University of Helsinki. The stand is dominated
by Scots pine (Pinus sylvestris L.) sown in 1962 with some
naturally regenerated Norway spruce (Picea abies) and scat-
tered deciduous trees. It is a typically managed forest (Vesala
et al. 2010). The forest floor is composed of dwarf shrubs and
mosses (Kulmala et al. 2008).

Sites FI-Ken and FI-Sod are located above the Arctic Cir-
cle in Finnish Lapland. The Scots pine forest in FI-Sod is
naturally regenerated and is representative of pine-dominated
forested areas in central Lapland (Thum et al. 2009). The site
belongs to the Arctic Research Centre of the Finnish Mete-
orological Institute. FI-Ken, a homogenous Norway spruce
(Picea abies [L.] H. Karst.) forest, is situated in the Pallas-
Yllästunturi National Park (Aurela et al. 2015).

According to theGlobCovermap (Arino et al. 2012), open
(15–40%) needle-leaved deciduous or evergreen forests is the
dominant land cover type for the surrounding areas of all CO2

flux measurement sites corresponding to the area covered

by the SMOS pixels. The coverage differs by site show-
ing the highest proportions for CA-Ojp (84%) and lowest
for CA-Qfo (42%) (Online Resource Table S1). The sec-
ond highest contributions come from closed to open (>15%)
mixed broadleaved and needle-leaved forest for FI-Sod and
FI-Hyy. For CA-Obs and CA-Qfo, the proportion of open
water bodies within the SMOS pixel is relatively high (14%
and 24%, respectively).

2.2 CO2 Flux Measurements

The in situ fluxes of CO2 were measured by the microme-
teorological eddy covariance method which provides direct
measurements of CO2 exchange between atmosphere and
biosphere averaged on an ecosystem scale. In the eddy
covariance method, the vertical CO2 flux is obtained as the
covariance of the high-frequency (10 Hz) observations of
vertical wind speed and the CO2 concentration (Baldocchi
2003). Themeasurementsweremade 5–10mabove themean
forest height.

The eddy covariance measurement systems at FI-
Sod and FI-Ken included a USA-1 three-dimensional
sonic anemometer/thermometer (3D SAT) (METEK GmbH,
Elmshorn, Germany) and a closed-path LI-7000 CO2/H2O
infrared gas analyser (IRGA) (LI-COR, Inc., Lincoln, NE,
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USA).At FI-Hyy, a Solent 1012R33DSAT (Gill Instruments
Ltd., Lymington, UK)with a closed-path LI-6262 IRGA (LI-
COR Inc.) was used. All three Canadian sites used LI-7000
IRGAs together with a Solent 1012R3 3D SAT at CA-Obs,
and CSAT3 3D SATs (Campbell Scientific Inc. (CSI) Logan,
UT, USA) at CA-Ojp and CA-Qfo.

The eddy covariance fluxes were calculated as half-hourly
averages taking into account the appropriate corrections fol-
lowing Aubinet et al. (2012). The measurement systems and
the post-processing procedures have been presented in more
detail for FI-Hyy by Kolari et al. (2004), Vesala et al. (2005)
and Mammarella et al. (2009), for FI-Sod and FI-Ken by
Aurela et al. (2009) and Aurela et al. (2015), for CA-Obs and
CA-Ojp by Barr et al. (2004), and for CA-Qfo by Bergeron
et al. 2007. The AmeriFlux Base data products (version 1-1)
were used for the Canadian sites (Black 1999a, b; Margolis
2003).

2.3 Soil Temperature Measurements at Sodankylä

To compare satellite-based soil freeze with in situ observa-
tions, we utilized measurements from 8 measurement sites
of the automatic network of in situ soil moisture and soil
temperature observations at the Arctic Research Centre at
Sodankylä (Ikonen et al. 2016). The sites cover typical soil
types and land cover classes in the area and allow better
representation of soil freeze conditions for the large areas
covered by the SMOS footprint compared to the local data
at the CO2 flux sites. Sites are located in 170 m to 23 km
distance to FI-Sod. At each soil measurement site, the ver-
tical profile of soil properties (dielectric constant, electric
conductivity and soil temperature) is measured at different
depths with 5TE (Decagon Devices Inc., Pullman, WA,
USA) or CS655 (Campbell Scientific Inc., Logan, UT, USA)
soil moisture sensors. Two additional sensors are located
10 m away from each vertical profile in opposing direc-
tions and measure at 10 and 5 cm depths. Further details
of the measurement setup are described in Ikonen et al.
(2016). In this study, we utilized daily average soil tempera-
ture observations at the 5 cm depth for the period 2011–2016.
Measurements from the available sensors were averaged
for each site. To account for inaccuracy in the temperature
measurements (±1 °C for 5TE and±0.5 °C for CS655)
and dependence of the freezing point on soil water content
(Kozlowski 2004, 2016), we defined the freezing point for
each site individually during the melting period in spring as
the temperature of the temporary plateau that is observed
until all ice has melted. The first date when soil temper-
ature dropped below the freezing point and the first date
of the period with continuous soil freeze were determined.
The number of available sites for each year ranged from
5 to 8.

2.4 Indicators of the End of the Vegetation Active
Period

VAPend was determined for the 6 CO2 flux measurement
sites (Table 1) from the continuous CO2 flux data measured
by the micrometeorological eddy covariance method. The
downregulation of photosynthesis in autumn is a gradual pro-
cess and it is difficult to calculate definite dates for VAPend
from CO2 flux measurements. Different approaches, based
on curve-fitting and absolute or relative threshold values,
were utilized to describe the seasonal cycle of photosynthe-
sis of plant communities from time series of net or gross
ecosystem photosynthesis (e.g. Gu et al. 2009; Thum et al.
2009; Richardson et al. 2010). Here, the day on which
the CO2 uptake falls below a selected threshold level is
defined as VAPend (Fig. 2). This is similar to the method for
the extraction of the start of VAP in Böttcher et al. (2014) and
Pulliainen et al. (2017). In practice, the dates were obtained
from the annual cycle of the gross photosynthesis index
(GPI), which indicates the photosynthetic capacity of the
ecosystem on a daily time scale. It was calculated as a dif-
ference between daily averages of nighttime (photosynthetic
photon flux density (PPFD)<20 µmol m−2 s−1) and day-
time (PPFD>600 µmol m−2 s−1) 30-min CO2 flux values
(i.e. GPI�FCO2night −FCO2day).

The obtained GPI value does not strictly represent gross
ecosystemphotosynthesis since the nighttime respiration dif-
fers from the daytime respiration, but it provides a reasonable
estimatewhen used as a relativemeasure.We tested three dif-
ferentGPI threshold (GPIth) values: 5%, 10%and 15%of the
growing seasonmaximum,which is the 90th percentile of the
daily GPI values during the month of the highest uptake for
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Fig. 2 Determination of end of vegetation active period, VAPend, from
half-hourly eddy covariance CO2 fluxes (grey circles) at Sodankylä in
2011. Red lines indicate the thresholds levels of 15%, 10% and 5% of
the growing season maximum gross photosynthesis index (GPI). GPI is
shown as green circles and interpolated values of GPI are highlighted
in light green. Soil temperature is the solid black line
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Table 2 Mean (±1 standard deviation) end of the vegetation active period (VAPend) dates (day of year) from CO2 flux measurements. Subscripts
refer to the threshold value of the gross photosynthesis index (GPI) that was used to determine VAPend

Site Year VAPend5 VAPend10 VAPend15

FI-Hyy 2001–2016 342±18 323±19 312±15

FI-Ken 2003–2015 302±9 295±11 291±8

FI-Sod 2001–2016 307±21 298±12 294±7

CA-Obs 2001–2011 305±10 298±8 295±7

CA-Ojp 2001–2011 308±9 298±8 297±7

CA-Qfo 2003–2010 310±13 306±10 302±9

the multi-year measurement period. Different threshold val-
ueswere included becausewe do not have prior knowledge as
to which one would be most useful indicator for VAPend. As
an additional condition, the GPI has to stay below the GPIth
for three consecutive days, and the number of following days
with GPI>GPIth may not exceed the number of days with
GPI<GPIth. The GPI time series was linearly gap-filled in
order to estimate VAPend. The length of the gap and the
timing of VAPend within the gap are recorded and taken
into account when estimating the uncertainties of the
data. To obtain information about multi-year mean and
interannual variability of VAPend for each site, we cal-
culated the dates of VAPend based on the three thresh-
old (VAPendth) values for all available observation years
(see Table 2).

2.5 ERA-Interim Air Temperature Data

ERA-Interim global atmospheric reanalysis air temperature
(2 m) data produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF) (Dee et al. 2011) was
utilized to derive an indicator on autumn freeze. ERA-
Interim reanalysis data are not direct observations. The data
set is produced with a forecast model that includes cou-
pled components of the atmosphere, land surface and the
ocean waves. Available observational data sets from satel-
lites and conventional observing systems are assimilated into
the forecast model to constrain the state of the atmosphere
and the Earth surface. Interpolated temperature observations
from the synoptic station network over land are combined
with the latest state of the atmosphere from the forecast
model and utilized to update temperature estimates of the
land surface model, thus indirectly influencing the back-
ground forecast model (Dee et al. 2011). The accuracy of
ERA-Interim surface temperature is higher for areas with
a dense station network (Simmons et al. 2010). The air
temperature data set in the original spatial resolution of
0.75°×0.75° was resampled to the Equal Area Scalable
Earth (EASE) grid 2.0 (Brodzik et al. 2012) correspond-
ing to the SMOS soil state data. We calculated the 10-day

moving average air temperature (T10) and defined the first
date of autumnal freeze as the day when T10 ≤−1 °C. This
threshold corresponds to a considerable reduction of ecosys-
tem carbon uptake in boreal coniferous forest according to
Hollinger et al. (1999).

2.6 Soil Freeze fromMicrowave Observations

Soil freeze/thaw state was determined from SMOS satel-
lite data using the method by Rautiainen et al. (2016). We
used global SMOS daily gridded level 3 brightness tem-
perature from the Centre Aval de Traitement des Données
SMOS (CATDS) (Al Bitar et al. 2017) as input data. The soil
freeze/thaw detection algorithm is based on variations in soil
permittivity that occur during soil freeze and thaw (permittiv-
ity of liquidwater ~80 andof ice ~3 inL-Band) (Mätzler et al.
2006). This change in permittivity leads to higher L-Band
brightness temperature of frozen soil compared to thawed
moist soil. The algorithm uses a pixel-based relative frost
factor calculated from the normalized ratio of brightness tem-
peratures at vertical and horizontal polarizations which is
compared against pixel-based thaw and freeze references to
determine the soil freeze and thaw state. To reduce noise and
the effect of short-termvariations on the frost factor, amoving
average with a window size of 20 days was applied. Ancil-
lary information on air temperature from the ERA-Interim
reanalysis data (see Sect. 2.5) is used to remove false sum-
mer freeze and winter thaw detections. Further details of the
method are described in Rautiainen et al. (2016). The data set
gives daily information on global soil freeze and thaw state
in Northern Hemisphere at a spatial resolution of 25 km×
25 km in the EASE grid 2.0 for the period 2010–2016. The
soil state is categorized into three classes: frozen, partially
frozen and thawed. The SMOS instrument retrieves infor-
mation from the top-soil layer (down to depths of 10–20 cm,
depending on soil type and vegetation). Thus, the frozen soil
state can be understood as a soil frost depth of at least 10 cm
over the whole pixel. The class partially frozen corresponds
to the transition period between first soil frost occurrences
to completely frozen soil within one pixel. The soil data set
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was compared with (1) global atmospheric reanalysis (ERA-
Interim) soil temperature data and (2) local, point scale in situ
measurements of soil temperature and the volumetric liq-
uid water content (Rautiainen et al. 2016). For comparison
with global (1) and local (2) data, the unbiased root mean
square error was 20 and 17 days, respectively. The SMOS
product indicates systematically later (about 2 weeks) first
soil freeze than that using the ERA-Interim Level 2 soil
temperature (7–28 cm layer) data set. The bias was smaller
for the comparison with in situ data sets (7 days for soil
temperature and 1 day for volumetric liquid moisture con-
tent), but the correlations were moderate which is probably
due to the fact that in situ observations do not repre-
sent soil state within the large SMOS pixel adequately
(Rautiainen et al. 2016).

Time series of freeze and thaw state were extracted for the
six CO2 flux sites in Finland and Canada using the ascending
(6 am) and descending SMOS orbits (6 pm), respectively.
Different orbitswere used to avoid signal contamination from
man-made radio frequency interference (Soldo et al. 2015).
We extracted the first day of partially frozen and frozen soil
from time series of the soil freeze and thaw state for the
comparison with VAPend. For years with a sudden freeze of
the soil, when partially frozen soil was not observed, the first
date of partially frozen soil was set to the first date of soil
freeze.

2.7 Proxy Indicators for Mapping the End
of the Vegetation Active Period

We analysed the correspondence of the VAPendth dates with
the satellite-derived first date of partially frozen soil, the first
date of frozen soil, and the first date of autumnal freeze
based on air temperature. The analysis was limited to the
period 2010–2016 for which SMOS observations were avail-
able. The following observation years were used: FI-Sod
and FI-Hyy 2010–2016, FI-Ken 2010–2015, CA-Obs and
CA-Ojp 2010–2011 and CA-Qfo 2010. To assess the rela-
tionship between the freeze indicators and VAPendth, the
coefficient of determination (R2), the root mean square error
(RMSE) and the bias were calculated. We selected the satel-
lite soil freeze indicator and theVAPendth datewhich showed
the highest correspondence to define a proxy indicator for
VAPend based on linear regression. The performance of the
proxy indicator from satellite soil freeze was compared with
the air temperature-based indicator.

To produce spatial maps of VAPend for the average period
2010–2016, we applied the respective linear regression equa-
tions to the gridded soil freeze and air freeze indicator data
set covering the boreal vegetation zone in Canada, Finland
and surrounding areas. Areas outside the boreal forest zone
(see Fig. 1) were masked out.

3 Results

3.1 End of Vegetation Active Period at Measurement
Sites

Weutilized three dates for VAPend based on threshold values
15%, 10% and 5% of the maximum GPI (Fig. 2) to describe
stages of the gradual change in photosynthetic downregu-
lation in boreal evergreen needle-leaved forest (Sect. 2.4).
Among all six sites, FI-Hyy in the southern boreal zone
showed the latest VAPend dates and the highest interannual
variability in the observed dates (Table 2). For the average
period 2001–2016, VAPend15 to VAPend5 at FI-Hyy were
observed on 7 November, 18 November and 7 December,
respectively. The earliest dates of VAPendwere found for the
northernmost and coldest site FI-Ken.On average, VAPend15
occurred on 17 October, 20 days earlier than in FI-Hyy. The
time difference between FI-Hyy and FI-Ken increased to
40 days for the transition date VAPend5 which was observed
on 28 October in FI-Ken. The differences in multi-year mean
VAPend dates between FI-Ken and the Canadian sites and
FI-Sod were rather small (≤11 d). For the two neighbouring
Canadian sites, CA-Obs and CA-Ojp, with different tree and
soil types, the mean VAPend10 transition date for the period
2001–2011 occurred on 28 October. Average VAPend5 and
VAPend15 were observed within 3 days at the two sites.

3.2 Comparison of the End of the Vegetation Active
Period with Autumnal Freeze
and Satellite-Derived Soil Freeze

The VAPend dates were significantly correlated with the
satellite-derived first date of partially frozen soil and the first
date of frozen soil; R2 ranged between 0.3 and 0.84 (p <0.05,
see Online Resource Table S2, Fig. S1). The highest cor-
respondence was found between the first date of partially
frozen soil and VAPend (Fig. 3a). The first date of partially
frozen soil explained 84% of the variation in VAPend10, and
the transition date occurred on average, 15 days before the
soil was partially frozen within the SMOS pixel. The first
date of frozen soil to a depth of more than 10 cm over the
whole SMOS pixel was detected much later than VAPend;
it lagged behind VAPend5 and VAPend15 by 24 to 41 days,
respectively.

There was a smaller delay between VAPend5 and the
first date of partially frozen soil (4 d) than for VAPend10.
The slope of their relationship was close to unity. How-
ever, there was higher scatter in the dates (R2 �0.74, Online
Resource Fig S1a, Table S2) which could be partly due to
higher uncertainties in VAPend5. Due to the lower radiation
levels during late autumn, there were less data available for
calculating the daytime averages. If there were not enough
data with PPFD>600 µmol m−2 s−1, data at lower radiation
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Fig. 3 Scatterplot of the end of vegetation active period, VAPend10,
versus the satellite-derived first date of partially frozen soil (a), and
air temperature-derived autumnal freeze (b). The black lines show the
linear regression line between VAPend10 and the respective indicators.

Doy is day of year starting from 1 January. When the transition date
occurred in the following year the doy is added to the last day of the
previous year (31 December)

levels were used with a scaling factor. If there were still
not enough daytime data, the GPI values were interpolated
between nearest observations. For someyears, the determina-
tion of VAPend5 relied on interpolated values of the GPI (e.g.
Fig. 2). Particularly large discrepancies between VAPend5
and the date of partially frozen soil were observed in FI-Hyy
in 2013 and 2016 when the VAPend5 lagged behind the first
date of partially frozen soil by 20 and 27 days, respectively.
In both years, there was a large gap in the GPI time series
(1 month in 2013 and 10 days in 2016) leading to high uncer-
tainty in the estimated date. Therefore, we consider VAPend5
a less reliable indicator than VAPend10.

The progress of the GPI and satellite soil freeze is illus-
trated for 2 years with different temperature development
in autumn at FI-Sod (Figs. 4 and 5). In 2013, temperature
declined fast and GPI15 to GPI5 thresholds occurred within
a few days, starting on 18 October and ending on 20 October
(doy 291–293, Fig. 4). Due to the absence of snow, soil tem-
perature changes followed closely the air temperature, and
soil temperatures at the CO2 flux site reached below-zero a
few days days before GPI15 was attained. Dry soils (Haplic
Arenosols) in open and forested areas froze first. The latest
soil freeze date was detected in forested areas with wetter
soil type (Umbric Gleysol), and in wetlands with organic
soil (Fig. 4). Soil freeze started within the SMOS pixel, i.e.
partially frozen soil was detected, on doy 302. The mean soil
frost date from soil temperature observation was observed
12 days before, on doy 290 (Online Resource Table S3). Soil
freeze for the whole SMOS pixel was detected for the first

time on 3 November (doy 307). Except for one wetland site,
in situ soil temperature measurements remained below the
freezing point after 21 November (doy 325). This coincided
well with the time of the continuous period of soil freeze
detected from the SMOS pixel.

In contrast to 2013, autumn 2015 was characterized by
alternating air temperature values (Fig. 5). A short frost
period around doy 283 resulted in a reduction of photosyn-
thetic carbon uptake that exceededGPI15 andGPI10 for some
days. Photosynthetic capacity recovered during the following
warmer period until the subsequent frost period duringwhich
VAPend15 was determined on 27 October (doy 300). This
was again followed by above zero temperature and slightly
increased photosynthetic capacity. Similarly, soil tempera-
ture measurements indicated soil freeze–thaw cycles and
large variations of more than a month in the date when soil
temperature dropped below the freezing point for the first
time in areas with different vegetation cover and soil type
(Online Resource Table S3). Again, soil freeze occurred first
in dry mineral soils in open areas and latest in organic soils
in wetland areas (Histosol). Thus, there were areas within
the SMOS pixel for which the soil was frozen over the depth
of 10–15 cm whereas other areas remained non-frozen for
longer time. Satellite-observed soil freeze over the whole
pixel was detected only after mid-December. Difference in
soil wetness may also explain later (16 d) satellite soil freeze
at CA-Ojp in 2010 compared to neighbouring site CA-Obs,
while VAPend10 took place only one day later than at CA-
Obs.
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Fig. 4 Time series of the gross
photosynthesis index (GPI), air
and soil temperature (5-cm
depth), snow depth and
satellite-derived soil freeze/thaw
state at Sodankylä in 2013. Red
vertical lines indicate the end of
the vegetation active period
based on the GPI thresholds at
the CO2 flux measurement site
FI-Sod. The black vertical line
indicates first date of autumnal
freeze from ERA-Interim
reanalysis air temperature data.
HA haplic arenosol, UG umbric
gleysol, His histosol

We compared the performance of the satellite-derived soil
freeze state proxy for VAPend with the date of autumnal
freeze fromERA-Interim reanalysis air temperature data. For
all three VAPend dates, the agreement was better than that
for the satellite soil freeze (Online Resource Table S2, Fig.
S1 c, f, i). Again, the date of autumnal freeze showed the
highest correspondencewithVAPend10 (Fig. 3b). VAPend10,
on average, occurred 5 days before the autumnal freeze.

The slope of the linear regression lines of the two interre-
lated freeze indicators with VAPend10 was almost identical
(~0.8). Autumn freeze reduced the carbon uptake. During
warm winters, the time difference between VAPend and
air and soil freeze increased. The mean time lag between
VAPend10 and first date of air freeze and satellite-observed
partially frozen soil was 3 days longer for the warmest site
FI-Hyy than for sites in northern Finland (2010–2016,Online
Resource Table S4). For example, in 2011, the autumnal
freeze was observed 24 days after VAPend10 in FI-Hyy. Dur-
ing the warm winter, T10 did not drop below −1 °C until

7 January 2012. Instead, the photosynthetic capacity of the
forest decreased below GPI10 by mid-December. Low CO2

uptake above GPI5 was observed until the end of 2011, and
VAPend5 occurred 2 days after the first date of the autumnal
freeze. This suggests that other factors, such as short pho-
toperiod, also exert control on VAPend.

However, there was considerable year-to-year variation
in VAPend10 (see Table 2). For the Finnish sites, air
temperature-derived autumn freeze and the satellite-derived
first date of partially frozen soil explained well the devia-
tions from the multi-year mean (2010–2016) with R2 � 0.82
and 0.60 (N �20, p <0.001), respectively. Autumnal freeze
fromT10 took place considerably earlier thanVAPend10 once
during the period 2010–2016. This was the case in 2015
at FI-Sod when it was observed early on 15 October (doy
288) during the first cold period with sub-zero temperature
(Fig. 5).

ERA-Interim global atmospheric reanalysis air tempera-
ture data used to derive the air temperature proxy (Fig. 3b)
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Fig. 5 Time series of the gross
photosynthesis index (GPI), air
and soil temperature (5-cm
depth), snow depth and
satellite-derived soil freeze/thaw
at Sodankylä in 2015. Red
vertical lines indicate the end of
the vegetation active period
based on the GPI thresholds at
the CO2 flux measurement site
FI-Sod. The black vertical line
indicates first date of autumnal
freeze from ERA-Interim
reanalysis air temperature data.
HA haplic arenosol, UG umbric
gleysol, His histosol

were also used as ancillary information to avoid false detec-
tions of soil freeze in summer from SMOS. During the
retrieval of soil state, partially frozen soil and frozen soil
are only assigned when a summer temperature flag has been
released (Rautiainen et al. 2016). In consequence, it is pos-
sible that partially frozen or even frozen soil state detections
are not independent of air temperature data, and soil freeze
is detected only one day after the summer flag has been
released. This phenomenon was observed in our study dur-
ing 2010–2011 for FI-Ken and during 2015 for FI-Hyy.
However, when removing these three points from the data
the quality of the linear regression equation between
satellite soil freeze with VAPend10 remained the same (N
�22, R2 �0.83, p<0.001).

3.3 Mapping of the End of Vegetation Active Period
Using Proxy Indicators

The spatial distribution of VAPend10 in the boreal forest zone
in Finland and Canada was determined from the satellite-

observed first date of partially frozen soil and the first date
of autumnal freeze. For that, the linear regression equations
in Fig. 3 were used to model VAPend10. The RMSE of the
linear regression model for the calibration was 7.5 days for
the satellite-based and 5.2 days for the air temperature-based
proxy (Online resource Fig. S2). For the average period
2010–2016, VAP ended before 10 October in the north-
western part of Canada and shifted to 20 November to 9
December in Southern Quebec and the island of Newfound-
land (Fig. 6a). In northwest Finland, VAPend10 occurred in
mid-October and shifted to 10 December in the most south-
ern parts (Fig. 6b). In general, the estimations based on the
autumnal freeze produced a similar but smoother spatio-
temporal gradient in the timing of VAPend10 as satellite soil
freeze. Despite the fact that the proxy indicator from autum-
nal freeze producedmore accurate estimates for the CO2 flux
measurement sites, the satellite-derived soil freeze allows the
mapping of VAPend with higher spatial detail at a global
scale.
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Fig. 6 Maps of the end of the vegetation active period, VAPend10, in
boreal evergreen needle-leaved forest for the average period 2010–2016
in Canada (a, c) and Finland (b, d). The maps were calculated from
SMOS satellite observations of the first date of partially frozen soil

(a, b) using the equation presented in Fig. 3a, and from the indicator
for autumnal freeze (c, d; when 10-day moving average air temperature
≤−1 °C) by applying the equation presented in Fig. 3b

4 Discussion

In our analysis of CO2 flux measurement sites in the boreal
zone, we found a strong connection between satellite-derived
soil freeze and autumnal freeze from air temperature with
VAPend. Our results are supported by Barr et al. (2009) who
found a strong relationship of the first date of freeze with the
end of photosynthetic activity at CA-Obs and CA-Ojp for an
earlier period. In previous comparisons with satellite obser-
vations, only low correspondence of VAPend with estimates
of landscape freeze from the SeaWinds scatterometer was
observed for evergreen forests in northern America, includ-
ing CA-Obs. This might be attributed to the low sensitivity
of the Ku-band radar to freeze–thaw processes in autumn
(Kimball et al. 2004). In contrast to the SMOS L-Band, the
SeaWinds radar signal is not directly sensitive to the soil pro-
cesses, thus observing landscape freeze from vegetation and
the very skin of the soil surface or snow cover during winter
(Kimball et al. 2004). In the study byBarichivich et al. (2013)
also, only aweak linkbetween the endof growing seasonwith
the timing of autumn freeze from satellite observations and

the end of thermal growing seasonwas found on the continen-
tal and global scale. The correlation between daily landscape
freeze from Special Sensor Microwave Imager (SSM/I) and
the end of growing season from the NDVI was not signifi-
cant. The authors suggested, therefore, a decoupling between
autumn phenology and thermal conditions for the northern
high latitudes. This difference, relative to our study, may be
due to the fact that the end of season indicator from NDVI
describes changes related to leaf senescence of deciduous
vegetation that precedes VAPend10 in boreal evergreen for-
est ecosystems.

In almost all observations, the GPI10 was reached days or
weeks before T10 dropped below −1 °C and before satellite
soil freeze, suggesting that the relationship between autum-
nal soil freezing and decline of photosynthetic capacity is
correlative rather than causal. The strong correlation found
between autumn freeze and VAPend10 is probably due to the
fact that both processes, soil freezing and transition of plants
towards a dormant state, are causally driven by a cumulative
effect of declining temperature, similar to the effects of rising
temperature in spring (Mäkelä et al. 2004; Pulliainen et al.
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2017). Furthermore, the slope of the regression is<1 (Fig. 3),
such that delay time between VAPend10 and the autumnal
freeze is longer, the warmer the autumn. This suggests that
other factors, such as photoperiod, also affect the change in
photosynthetic capacity and that they become relativelymore
important during warmer autumns. The importance of the
freeze-based proxy indicators could, therefore, be reduced
in the future as autumn frost and soil freeze will likely occur
later in a warming climate.

In our comparison of GPI threshold values, time of year
(or photoperiod) rather than time of autumn freeze was more
important when the threshold percentage used was higher, as
shown by the slopes of the regression ofVAPendth against the
autumnal freezing date (Online resource Figure S1). How-
ever, for high percentage GPI thresholds, this could simply
be linked with the strongly reduced light levels after the
equinox, rather than marking a transition towards a dormant
state. Consistent with this, Suni et al. (2003) found for the
FI-Hyy site that day length was a better predictor than tem-
perature for the date when net ecosystem exchange of CO2

fell below 20% of the maximum summer uptake. In contrast,
we found that VAPend5 usually coincided with or followed
the date of autumnal freezing and that the slope of the regres-
sion was close to 1, suggesting that autumnal freezing may
describe an actual temperature-related limitation to photo-
synthesis. This is further supported by the finding that the
latest VAPend10 date in our investigation was observed after
the winter solstice on 25 December 2015 at FI-Hyy, showing
that theGPI can remain even above the 10% level during days
with the shortest period of light at this site. However, more
research is needed to ascertain the relative significance of the
different environmental drivers in the autumnal downregula-
tion of photosynthesis.

Air temperature-based indicators were suggested earlier
by Thum et al. (2009) as a proxy for VAPend in boreal forest
ecosystems, including FI-Hyy and FI-Sod. In contrast to the
uniquely defined temperature threshold that was used here,
Thum et al. (2009) adapted the temperature-based indicators
for each site, which hindered the application to wider areas.
In agreement with other studies (e.g. Hollinger et al. 1999;
Kimball et al. 2004), we observed a reduction of the photo-
synthetic carbon uptake with the freezing temperatures. The
drop of T10 below −1 °C does not necessarily lead to a sus-
tained decrease inGPI. Photosynthetic activity can recover to
a certain level when temperatures and other factors, such as
photoperiod, are favourable (Fig. 5). This is not accounted for
with the simple air temperature-based threshold. Themethod
could be adjusted in a way that it indicates a more persistent
air temperature decrease as, for example, done for the GPI-
based VAPend (Fig. 2) or a cumulative frost sum.

The VAPend10 transition date always occurred before
the detection of the first date of partially frozen soil from
SMOS (Fig. 3a). Soil temperature observations at FI-Sod and

from sites with a similar soil type in the surrounding areas
(Figs. 4 and 5) indicated an earlier occurrence of frozen soil
than that determined for the SMOS pixel, but the GPI10 was
in most years exceeded before the occurrence of in situ soil
freeze at FI-Sod (four out of six, e.g. Figs. 2 and 5), implying
that soil freeze is not a necessary condition for VAPend10.
There is a spatial mismatch between the footprint of the
CO2 flux measurement site, extending only several hundred
meters from the site, and the SMOS footprint of 40–50 km
in diameter. Soil freezing is strongly affected by the soil type
(see Online Resources Table S3), snow conditions and the
openness of the vegetation layer. As shown for the FI-Sod
site, soils with finer texture and higher water content froze
at a slower pace than dry coarse-textured soils with lower
heat capacity (e.g. Fig. 5) and the delay time depended on
air temperature development. At FI-Sod, the forested area
on dry mineral soil, representing best the CO2 flux foot-
print, covered only a small fraction (7%) of the SMOS pixel.
Moreover, other land cover classes, such as large water bod-
ies (e.g. CA-Obs 14% and CA-Qfo 23% of the pixel, see
Online resources Table S1) and wetland areas (FI-Sod 13%
of the pixel), affect the soil state retrieval. Thus, scaling
errors lead to inevitable discrepancies between satellite soil
freeze and site measurements and possibly higher scatter in
results compared to autumnal freeze (Fig. 3). L-band active
radar measurements could provide soil freeze and thaw state
at higher spatial resolution (Derksen et al. 2017), but the
NASA Soil Moisture Active Passive (SMAP) radar failed
in 2015. The currently operating Advanced Land Observing
Satellite-2 Phased Array L-Band Synthetic Aperture Radar
(ALOS-2 PALSAR) has a narrow swath and, thus, a too long
revisit time (14 days) for the soil freeze and thaw moni-
toring. For site-specific more detailed studies, tower-based
L-Band radiometer instruments, such as the ELBARRA-II
(ETH L-Band Radiometer) (Schwank et al. 2010) installed
at Sodankylä, could be utilized.

In comparison to satellite-derived soil freeze, the global
ERA-Interim air temperature data set with a coarser reso-
lution appears to represent the condition at the CO2 flux
measurement sites rather well (Figs. 4 and 5). The spatial
variation of air temperature is smaller than for soil tempera-
ture, and, additionally, in situ air temperature observations
that are ingested in the data assimilation system to pro-
duce the ERA-Interim global reanalysis data (Dee et al.
2011) probably stem from nearby synoptic weather stations,
for example at Sodankylä. However, the accuracy of the
reanalysis temperature is expected to be lower for areas
with lack of near-surface observations and especially at high
latitudes, because of difficulties in modelling surface tem-
peratures over snow cover (Simmons et al. 2010).

We presented maps of the timing of VAPend in evergreen
needle-leaved forest in the boreal region based on proxy indi-
cators from air temperature and satellite-derived soil freeze

123



182 PFG – Journal of Photogrammetry, Remote Sensing and Geoinformation Science (2018) 86:169–185

(Fig. 6). We selected VAPend10 as a reference value for the
model calibration, although VAPend5 may be closest to the
dormant state of vegetation from the three tested GPI thresh-
old values. This was done since, the calculation of VAPend5
from CO2 fluxes has higher uncertainty than the determina-
tion of VAPend10 because of lower light levels and resulting
gaps in the GPI time series. The model parameterization
for the calculation of VAPend10 from the two freeze indi-
cators is based on a limited number of observation sites and
years. Futurework is, therefore, needed to validate the results
throughout the boreal forest region, especially for areas that
are not well represented by the sites in this study, such as the
northern boreal zone in North America and the southernmost
part of the boreal zone in Europe (Fig. 6). However, publicly
available eddy covariance data are scarce and sites are not
well distributed in this region (Falge et al. 2017).

Furthermore, the possibilities for comparison with other
independent data sets are limited. Recently, maps of the end
of growing season for the northern hemisphere (1999–2013)
based on a vegetation index (Phenological Index) were pro-
vided by Gonsamo and Chen (2016). For the evergreen
needle-leaved boreal forest sites, the correspondence with
gross primary production (GPP)-based autumn phenology
indicators was only moderate (r �0.34, RMSE 16 days) due
to the time delay between greenness decrease and cessation
of photosynthesis, and noise in the satellite observation dur-
ing the transition period (Gonsamo et al. 2012). In our study,
the multi-year mean VAPend dates (Table 2) occurred when
solar elevation at solar noonwas below 30° at all sites; hence,
uncertainties in reflectance retrievals from optical satellite
observations increase due to a longer atmospheric path length
and shadowing effects of the canopy (Gutman 1991; Privette
et al. 1995). A cutoff threshold of the solar zenith angle>70
degrees is applied for satellite retrievals of SIF from
GOME-2 (Joiner et al. 2014) and also for operational snow
cover products (Metsämäki et al. 2015) that could otherwise
provide complementary information.

5 Conclusion

We investigated whether a new satellite-derived soil freeze
prototype product from SMOS can be used as a proxy indica-
tor for the mapping of the end of the vegetation active period
in boreal evergreen needle-leaved forest. Our results showed
that the “partially frozen” soil state derived from satellite
observations can be utilized to infer the date when the photo-
synthetic capacity of the forest decreases below 10% of the
growing season maximum with good accuracy (R2 �0.84,
RMSE�7.5 days) at six CO2 flux measurement sites in the
boreal forest zone in Finland and Canada. Results for an air
temperature-based indicator, defined as the day when 10-
day average air temperature decreased below −1 °C, were

consistent with satellite-derived soil freeze. Nevertheless, air
freeze showed a stronger correlation with the end of vege-
tation active period than satellite-derived soil freeze (R2 �
0.92, RMSE5.2 days). Lower accuracy for the satellite-based
proxy may be due to contributions to the SMOS signal from
land cover and soil types, other than those dominant at the
CO2 flux measurement sites. Although further studies cover-
ing more sites and observation years are recommended, the
results suggest that autumnal air temperature and satellite-
based soil freeze can be utilized for themapping of the start of
the dormant season in boreal evergreen needle-leaved forest
at continental to global scale. The maps complement exist-
ing satellite-based data on the end of the growing season in
deciduous forests in the boreal region fromvegetation indices
and provide spatially explicit information that could help in
monitoring the end of the vegetation active period and in the
calibration and validation of biosphere models.
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