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Abstract

Ecosystem phenology, i.e. the timing of key biological events, is often considered as both a witness
and an actor of climate change. Phenological interannual variations and decadal changes reflect
climate variability and trends. Deciduous plant phenology also directly influences the carbon, water
and energy exchanges of the ecosystem with the atmosphere. In the northern forests, a trend to
earlier spring has been widely reported, often based on remote sensing methods. This trend is
suggested to explain a part of the residual carbon sink. However methodological issues, especially
related to the combined effects of the vegetation and of the snow cover seasonal changes on the
remote sensing signal, were found to affect the results.

This chapter describes a remote sensing green-up retrieval method designed to avoid signal
contamination by snow. The result validation with ground observations showed that the method
catches the interannual variations in phenology of the plant community. Changes in the 1998-2017
are analyzed and positioned in a longer term. This shows that the most persistent feature over the
last decades is a large-scale shift in the green-up date at the end of the 1980’s, and that the green-up
date has not recovered yet to its status prior to 1987. Finally the green-up date maps were used to
represent phenology in the northern ecosystem carbon budget simulations. No unidirectional effect
of phenological changes in the annual carbon balance could be identified because of a complex
interplay between vegetation, water resources and climate.

1 Introduction

Phenological shifts, i.e. changes in the timing of key biological events within the year, are often
reported among the most obvious impacts of climate changes and climate variability on ecosystems
(Walther et al., 2002; Parmesan & Yohe, 2003; Root et al., 2003; Walther, 2010; Bellard et al., 2012).
Especially spring phenology has advanced during the last decades with a number of days that varies
according to the organisms. Phenological changes also display feedbacks to the atmosphere through
several processes, including changes in the seasonal courses and the annual balances of energy,
water and carbon exchanges (Richardson, 2013). Therefore research on phenology addresses
questions regarding the observation strategies from the plant scale to the biome scale, changes in
phenology in relationship with climate changes, or the consequences of these changes. Answering
these questions is crucial in the boreal ecosystems where the observed warming is especially strong
(Solomon, 2007) with multiple consequences on physical and biological functions (Hinzman et al.,
2005; Post et al., 2009) and where the warming is predicted to be enhanced in the future (IPCC,
2013).



This chapter summarizes the research in the boreal ecosystem phenology using remote sensing
based methods. It describes the methodologies that were developed to map the date of green-up at
the scale of the circumpolar forests and low-arctic tundra with reduced influence of snowmelt on the
radiometric signal. It also documents the variations in phenology in boreal North America and Eurasia
boreal forests over the last decades. Finally, it reports how the remote sensing green-up maps were
used to improve the modelling of the carbon budget of northern ecosystems.

2 Mapping the date of the beginning of the boreal spring with remote

sensing

The diversity of impacts of phenological changes has resulted in a diversity of methods of
observation and analyses, such as the networks of field observations by scientists (Menzel, 2000) or
by citizens (Beaubien & Hamann, 2011b), the modelling (Schwartz et al., 2006) or remote sensing.
Observing phenology using repetitive optical remote sensing has been experimented since the 1970’s
(Dethier et al., 1973; Rea & Ashley, 1976; Vinogradov, 1977). These studies, based on Landsat-1 data,
introduced key-concepts on which recent works about land surface phenology still rely, such as the
radiometric data pre-processing, use of spectral indices combining radiometric measurements in the
visible and near-infrared spectral domains, or the validation via ground observations. These concepts
were further applied to large swath optical remote sensing which allows high frequency of
radiometric measurement at the global scale (Justice et al., 1985, 1986; Townshend & Justice, 1986),
revealing an increase in the greenness of ecosystems at 45-75°N latitudes, especially in the spring
interpreted as an advance of the beginning of the growing season during 1982-1991 (Myneni et al.,
1997, 1998). This advance matched a similar trend in ground phenology observations (Schwartz,
1998) and explained the changes in the seasonal variations of atmospheric carbon dioxide
concentrations as increased greenness is associated with increase in carbon uptake (Keeling et al.,
1996). Remote sensing has also been used to study phenology of specific ecosystems, in
mountainous areas (Colombo, 2011; Guyon, 2011), temperate forests (Duchemin et al., 1999;
Soudani, 2008), semi-arid areas like Sahel (Guan, 2014; Meroni et al., 2014), boreal regions (Suzuki et
al., 2003; Zeng, 2013), or even tropical forests (Pennec et al., 2011). Nevertheless the exact meaning
of the land surface phenology (LSP) metrics, i.e. the recorded timing of the radiometric transition, is
still questioned for various reasons (Helman, 2018). The LSP metrics differ strongly with both the
data pre-processing and extraction methods (Schwartz et al., 2002; Morisette et al., 2009; White et
al., 2009; Helman, 2018) so that validation, for example, using ground phenology observations and
photosynthesis measurements remains a key issue (Badeck et al., 2004; Liang et al., 2011; Pouliot,
2011; Gonsamo, 2013; Misra et al., 2016).
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Figure 1 : pixel scale intra-annual variations in two spectral indices (NDVI : Normalized Difference
Vegetation Index ; NDWI : Normalized Difference Water Index). Vertical bars represent the dates of
the beginning of snowmelt and of leaf appearance that were observed within the pixel.

One source of uncertainty is specific to the boreal regions and to the mountainous areas when
observing the start of the growing season : snowmelt at spring strongly influences the radiometric
changes (Moulin et al., 1997; Shabanov et al., 2002; Dye & Tucker, 2003). The widely used
Normalized Difference Vegetation Index (NDVI), defined as the normalized difference of reflectance
in the red and the near infrared spectral bands, increases when the snow cover fraction in the pixel
decreases (Fig. 1), even without any change in the vegetation, because its denominator decreases
(Suzuki et al., 2011). The initial increase in NDVI must therefore not be interpreted as related to
foliage expansion. Thus some proposed methods have been consisted in catching the time at which
NDVI exceeds a relatively high threshold (Suzuki et al., 2003). In other methods snow affected value
are replaced by snow-free values (Beck et al., 2006; Park et al., 2016). Other indices based on the
same spectral bands were also developed using radiative transfer simulations to reduce the impact
of snow cover variations (Jin et al., 2017). Alternatively, a method based on the Normalized
Difference Water Index (NDWI), which is the normalized difference of near infrared (NIR) and short-
wave infrared reflectance (SWIR) was proposed (Delbart et al., 2005). NDWI decreases with the
progressive disappearance of the snow cover, and increases during the foliage development (Fig. 1).
The green-up date is recorded as the time when the NDWI starts increasing. Precisely it is taken as
the last date within the March-July period when NDWI has increased by less than 20% of its total
increase in this period. This method was applied to SPOT VEGETATION S10 data. SPOT-VEGETATION
is a push-broom sensor, which ensures that the spatial resolution is much more constant with the
incidence angle than with the commonly used whisk-broom sensors MODIS and AVHRR (Helman,
2018). The S10 data give a reflectance value for four spectral bands once every ten days, selected
among all the measurements acquired at least once daily. The selected value is the “best”
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measurement that has been made during the 10 day period, following the “maximum value
composite” method (Holben, 1986). This preprocessing aims at minimizing the signal contamination
by aerosols and clouds. The exact date of the selected measurement is given individually for each
pixel.

The green-up maps were compared to ground measurements of deciduous tree leaf appearance date
for ten taiga sites in Siberia, showing a root mean square error (RMSE) of 8.7 days, with no bias
(Delbart et al., 2005). The method was further tested at a few more sites in other parts of boreal
Eurasia (2008) and at one site in Alaskan tundra (Delbart & Picard, 2007), showing similar
agreements. The green-up date averaged at the regional scale reproduces a large part of the
interannual variations in the leafing date observations at several locations within the region (Delbart
et al., 2008). It was also compared to phenological observations by citizens in Canada (Delbart et al.,
2015) : lower agreement was then found at the site scale, likely because of the landscape
heterogenity around the observation sites and within the pixel. This lower agreement consisted in a
higher non-systematic error only, as the green-up date remained unbiased with ground observations.
Moreover, this comparison allowed to determine that the green-up date is related to deciduous tree
leaf appearance even in urban lansdscapes and evergreen dominated forests. This is true only if the
NDWI increase is large enough to be significant, which occurs only if the deciduous vegetation is
largely present in the pixel (Delbart et al., 2005). The agreement between the green-up date and the
deciduous tree leaf appearance indirectly confirms that our metrics is not related to the needle
appearance in the evergreen forests. The retrieval is inefficient for pixels dominated by water or
agriculture (Delbart et al., 2015), which must be excluded from the produced dataset (see next
section). However, when averaged over larger regions the remote sensing green-up date time series
was shown to reproduce interannual variability in phenology not only in the timing of leafing-out but
also in the flowering time (Delbart et al., 2015), because various spring phenophase interannual
variations are generally related to spring air temperature variations (Fig. 2). Furthermore, the
evaluation of the method in mountainous areas show that it was more efficient than the NDVI based
methods at lower elevations but less efficient at higher altitudes (Dunn & de Beurs, 2011). The NDWI
was also combined with the NDVI to evaluate phenology in the eucalyptus forests of the Australian
Alps (Thompson, 2015; Thompson & Paull, 2017).
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Fig. 2 : Time series of phenological events (first flowering and leaf out) resulting from the
aggregation at the scale of New Brunswick—Nova Scotia region (delimited in the top panel) of the
individual site observations by citizen scientists, and time series of the remote sensing green-up
dates using the NDWI-VGT method (Delbart et al., 2005) (black squares). Site observations were
collected in the framework of the PlantWatch project (Beaubien & Hamann, 2011a). The spatial
aggregation of the in-situ observations is derived from Hakkinen et al., (1995). Source : (Delbart et
al., 2015).

The method could be applied to SPOT-VEGETATION dataset starting in 1998. In order to extend the
study period back to 1982, the results were used to improve the AVHRR NDVI based threshold
method (Suzuki et al., 2003) by adjusting the threshold value for each pixel individually (Delbart et
al., 2006). This was possible using the overlap between the SPOT-VEGETATION dataset and the
AVHRR Pathfinder 10-day composite dataset (James & Kalluri, 1994) : for each common vyear
between the two datasets, the AVHRR NDVI value at the green-up date given by our algorithm
applied to SPOT-VEGETATION data was recorded. For this purpose, both AVHRR Pathfinder NDVI
and SPOT-VEGETATION reflectance was first re-sampled to a common 0.1° spatial resolution. The
threshold map was obtained as the multi-year average value of these NDVI. Then, for all years from
1982, the green-up date was recorded as the date when the seasonal course of AVHRR NDVI
reached the pixel-specific threshold (PST). The method was named as PST-NOAA. The produced
results showed negligible bias and an RMSE equal to 8 days when validated in Siberia. Associated
with the SPOT-VEGETATION based method applied at the 0.1° spatial resolution, it could track the
interannual variations of the observed tree leaf appearance date in boreal forests (Fig.3) and tundra
shrublands that have occurred since 1982 (Delbart & Picard, 2007; Delbart et al., 2008) (see below).
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Fig. 3 : dates of onset of greening retrieved with the PST-NOAA method (plus signs) and with the
NDWI-VGT method (squares), and in situ dates of leaf appearance (filled diamonds) at the eight
validation sites in Siberia. Source : (Delbart et al., 2006)

3 Phenology : witness of climate change and variability in the boreal
regions

3.1 Phenology trend and interannual changes during 1982-2005

The dataset of green-up date maps resulting from our two remote sensing methods (Delbart et al.,
2005, 2006) was used to analyze the interannual variations in phenology in boreal Eurasia (Delbart et
al., 2008) and in circumpolar tundra (Delbart & Picard, 2007) during 1982-2005. These times series
were complemented by those from a phenology model based on air temperature only (Picard et al.,
2005), to relate the observed changes to climate and to elongate the study period. Model calibration
procedure is described in the next section. These studies also benefited from a few long term time
series of ground observations of leaf appearance date.

On average, over the whole Eurasian taiga area, a five-day shift in phenology between 1987 and 1990
was found (Delbart et al., 2008), directly explained by climate as it was reproduced by the modelling
based on air temperature (Fig. 4). This change was confirmed by other methods and was shown to be
directly related to the shift in the North Atlantic Oscillation (NAQ), thus a witness to changes of the
global climate, and interpreted as the main mechanism behind the Siberian carbon sink (Buermann,
2016). This biome scale average hides contrasted regional variations (Fig. 5). During the study period
(1982-2005) some regions like Yakoutia in eastern Siberia showed almost no trend, and others
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displayed an advance (Fig. 5). The largest trend was found for Central Siberia with a 20-day advance.
However, long term ground observations and the model applied to temperatures at meteorological
stations within the sub-region have revealed that half of this large advance was explained by
exceptionally late spring in 1983 and 1984. This is associated with cold temperatures in this region at
the beginning of the period that is accessible through remote sensing, and thus must be attributed to
climate variability and not to climate change. The model also revealed some fluctuations in
phenology in the longer term, such as a trend to later spring in 1936-1960 for the whole Siberia from
the east of the Ob River. On the contrary, several successive periods of advances have occurred since
1936 in the western part of the study area, with no period showing a trend to later spring. It was also
found that the interannual variations in spring phenology in central Siberia were correlated with the
south oscillation index, with late springs during El Nifio years and early springs during La Nifia years,
linking with the dominant wind directions, very different between the two types of years (Vicente-
Serrano et al., 2006). In the sub-Arctic tundra, advances in spring over the last decades were found in
north Alaska and in north-west Siberia (Delbart & Picard, 2007).
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Fig. 4 : Green-up date from remote sensing (trs) and modelling (tm) averaged over Eurasian deciduous forests (see study area in Fig. 5). The
remote sensing dataset comes from the NDWI-VGT and the PST-NOAA methods applied at the 0.1° spatial resolution (Delbart et al., 2005,
2006). The modelled green-up date maps come from a degree-day model applied to ERA40 reanalysis temperature and calibrated using
remote sensing green-up maps (Picard et al., 2005). Source : (Delbart et al., 2008)
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Fig 5 : Linear regression of the green-up date from remote sensing (top) and modelling (bottom). Each map gives the change (in days)
computed as the rate of change from the linear regression (least squares) multiplied by the number of years. (a) 1982-2002, from remote
sensing, (b) same period 1982-2002 from modelling. Same source of data than Fig. 4. Source : (Delbart et al., 2008)

3.2 Phenological changes in 1998-2017

The following part aims at completing the previous studies by documenting the interannual
variability in forest phenology over the whole circumpolar region during the last twenty years (1998-
2017), with the objective of showing the variability and the trends.

3.2.1 Dataset and study region

The phenological algorithm (Delbart et al., 2005) is applied to the SPOT-VEGETATION (VGT) data for
the years 1998 to 2013 and to the successor satellite PROBA-V data for the years 2014 to 2017, in
order to provide a full 20-year spring phenology time series. Both datasets are provided by VITO
(https://www.vito-eodata.be). The PROBA-V data full resolution is 300m, but here the 1 km
resolution product is used to match the resolution of if predecessor and to follow the same

compositing rules. Here, the algorithm is applied at the full SPOT-VGT spatial resolution (0.0089°).
The algorithm is run for the years 1998 to 2013 on SPOT-VGT data and on PROBA-V over the years
2014-2017, to obtain one green-up day map each year at the 1km. This differs from previous time
series studies (Delbart & Picard, 2007; Delbart et al., 2008) for which the SPOT-VGT reflectance data
were first averaged at 0.1°. It is important to notice that the PST-NOAA algorithm was calibrated
using the results from this 0.1° aggregated SPOT-VGT dataset. Thus the results from the full
resolution SPOT-VGT data did not combine with the PST-NOAA dataset, so that the following analysis
will be restricted to 1998-2017.

The full resolution dataset reveals spatial details that were not visible in the previous version.
Moreover, the comparison of the 1 km resolution green-up dataset with a massive number of
phenology ground observations by citizens have revealed that the reliability of the green-up date
differs strongly with the dominant landcover types within the remote sensing pixel (Delbart et al.,
2015). Especially it was found that pixels of purely agricultural land or as water body by the Global
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Land Cover 2000 (GLC2000) dataset (Bartholomé & Belward, 2005) should be excluded from the
green-up date maps. We then aggregate through local averaging the not-excluded pixels to a spatial
resolution ten times lower of the original one. This allows to reduce both the fraction of territory
with missing data and the dataset size. Moreover, previous studies have shown that this dataset
better matches interannual variability when spatially averaged (Delbart et al., 2008, 2015).

The map of the Képpen-Geiger climate classification (Peel et al., 2007) and the landcover map
GLC2000 (Bartholomé & Belward, 2005) are used to restrict the study area to the circumpolar forests
and shrublands (CLC2000 classes 1 to 12) located in a cold or polar climate (Képpen-Geiger zones D
and E). The GLC2000 dataset reports a pixel as forest if the tree cover fraction is more that 15%, the
used criteria allows to define the current study area as the taiga and the subarctic tundra regions, for
which ligneous vegetation is settled but not necessarily dominant. Green-up date reported for
evergreen forests is related to the leaf phenology of the sparse deciduous trees.

3.2.2 Delineating phenoregions

At large scale the time variations in phenology are often represented through a trend analysis at the
pixel level complemented by a spatial average over large regions (e.g. (Schwartz et al., 2006; Delbart
et al., 2008; Gonsamo & Chen, 2016). Both methods have drawbacks: trend analysis results are very
much dependant on the time range of the dataset ; spatial averaging over arbitrary regions, like
hemisphere (Schwartz et al., 2006; Gonsamo & Chen, 2016a) or rectangles (Delbart et al., 2008,
2015), results in hiding spatial differences within the considered region and necessarily combines
sub-regions of different variability. Recent studies extending the study of the variations in phenology
(Gonsamo & Chen, 2016a; Park et al., 2016) provide maps of the trend that cannot be compared
because of different period limits. There is a need to, in addition to the maps of trend, to delineate
regions, the so-called “phenoregions”, that are homogeneous in terms of interannual variability in
phenology, with no hypothesis on the region shape or size. For these regions the interannual
variability in phenology will be displayed, with the aim to visualize the variations in phenology for
some key regions of interest in the study area, i.e. regions displaying strong trends.

The term “phenoregion” differs from previous occurrence for which the whole annual cycle of
spectral indice was used (White et al., 2005). Here, phenoregions are the regions for which the
interannual variability of the green-up date are homogeneous. They are delineated from the annual
anomalies in the green-up date. The first step consists of substracting the 20-year average green-up
date from each annual map to provide a time series of maps of temporal anomaly in phenology, free
of spatial gradients. On this time series a k-means classification is conducted with a large and
arbitrary number of classes (here, 300 classes). Closely related classes are merged using an ascending
hierarchical clustering based on a dissimilarity measure that is 1 minus the correlation between each
of the 300 above classes. The classes are then aggregated if their dissimilarity is less than a chosen
threshold, here 0.439, i.e. if their correlation is positive and significant at 0.01 level.



3.2.3 Spatial and temporal variability
The twenty-year average green-up date follows a South to North gradient in Eurasia and a South-

west to North-east gradient in North America, with no difference in averages and distributions
between the two continents (Fig. 6). The interannual variability in the green-up date is highly
spatially variable, and can take some large values: the temporal amplitude, i.e. the difference
between the earliest and latest dates recorded at one pixel, ranges from 20 to 50 days (Fig. 6). The
overall direction of changes is summarized through the slope of the linear regression of the green-up
date over time. Slope ranges from -0.68 to 0.5 days/year, with a mean value of -0.11 days/year,
indicating a moderate trend to an earlier green-up on average over the circumpolar forests during
the last twenty years. Using different sensors, metrics and study periods, slightly different trends
were found at the circumpolar scale : a small delay of +0.085 days/year over 2000-2014 (Park et al.,
2016), or a small advance of -0.23 days/year in 1999-2013 (Gonsamo & Chen, 2016a).

The spatial distribution of the slope values reveal that the strongest trends are not necessarily found
for pixels displaying the strongest variability. However, a relatively clear pattern emerges: several
large regions display a delay (e.g. Western boreal Eurasia, most of Canada) while others show an
advance (Ural region, a large region including Alaska, Yukon and Canadian North-West territories,

Yakoutia, Fennoscandia).
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Figure 6 : Summary of spatial and temporal variations in phenology in 1998-2017 as estimated friom
the SPOT-VEGETATION and PROBA-V using the NDWI algorithm (Delbart et al., 2005) at the full
resolution before data exclusion based on validation (Delbart et al., 2015). Top : 20-year average date
of green-up (day of year). Middle : amplitude of the interannual variations (in days). Bottom : slope of
the linear regression on chronological time series of the green-up date (days.year™).

3.2.4 Interannual variability at the phenoregion level

The slope of the linear regression is highly variable spatially. It is also well known that the time limits
of the study period have a strong influence on the regression slope of a time series. The green-up
date time series for several phenoregions are displayed in Fig 7-9, in order to better understand the
slope values, for North America (Fig.7), western boreal Europe (Fig. 8) and boreal Asia (Fig. 9). The
selected phenoregions are corresponding to the regions with strong trends. This is possible to
identify them since the location of most phenoregions corresponds to an area of rather
homogeneous slope. This is not true for one of the selected phenoregions located in central boreal
Eurasia, which groups pixels with positive and negative sloped despite correlated interannual
variations. The central Eurasia area with positive slope (Fig. 6) is in fact distributed to at least two
phenoregions and thus corresponds to at least two modes of variations (Fig. 9).
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Very clearly, it appears that a viewal examination of the time series contradicts the regression
analysis, and that for almost none of the regions a clear trend can be identified. This of course
matches the interpretation of the associated p-value of the regression slope. p-values were lower
than 0.01 for only 1.9 % of pixels moreover scattered in the study area ; p-values were lower than
0.05 for only 8.4% of pixels, meaning that the interannual variability exceeds the trend. This is true
for pheno-regions displaying progressive delay and for the ones showing an advance in green-up
dates. The only exception stands for Alaska and North West Canada (Yukon and North-West
territories) where the trend to earlier green-up is more robust (Fig. 7).
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Figure 7: time series of the green-up date averaged at the scale of a selected set of phenoregions in
North-America (in day of year). Same source of data than Fig. 6.
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Fig. 8: time series of the green-up date averaged at the scale of a selected set of phenoregions in
boreal Europe (in day of year). Same source of data as for Fig. 6.
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Fig. 9: time series of the green-up date averaged at the scale of a selected set of phenoregions in
boreal Asia (in day of year). Same source of data as for Fig. 6.

3.3 Summary

In the northern regions, the last twenty years do not display a clear and significant trend in the spring
green-up date, relative to the interannual variability in green-up date, except for the North-West
North America. Contrarily, the previous period (1982-1999) has shown a strong trend to earlier
spring (Park et al.,, 2016), i.e. a 5 day shift when averaged at a continental scale. This change
corresponded to a climate shift (Buermann, 2016), and linked to temperature warming as it can be
reproduced by a temperature based model (Delbart et al., 2008). Other trends to earlier spring were
found locally (Delbart et al., 2008). This 5-day shift is the most persistent feature in the phenology
time series. The lack of trend since then also indicates the date of green-up has not recovered to the
values prior to 1987.
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In addition to this shift in green-up date, the key point is the interannual variability. The section
below discusses its effect over the annual carbon budget in the boreal ecosystems.
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4 Phenology and ecosystem carbon budget

Phenology is considered as one of the essential biodiversity variables (Pereira et al., 2013) while leaf
area index and its seasonal variations is listed as one the essential climate variables (Bojinski et al.,
2014). Phenology is widely studied because of its impacts to both ecological and climatic processes.
For example, phenological interannual variability that differs among species affects several
ecosystems functions, like the plant-pollinators relationships (Kiers et al., 2010) or the trophic
networks (Both et al., 2009). In the northern environments, trophic mismatch due to differentiated
phenological changes between forage plants and herbivories lead to decrease the reproduction
success rates of caribous and reindeers (Post et al.,, 2008; Post & Forchhammer, 2008) which is
further accented by changes in phenology of harassing insects (Vors & Boyce, 2009). Phenology is
also one essential trait for understanding and modelling the species spatial current and future spatial
distribution (Morin et al., 2008; Chuine, 2010).

As mentioned above, the large-scale lengthening of the growing season revealed by remote sensing
(Myneni et al., 1997) matched the change in the atmospheric carbon dioxide seasonality changes
(Keeling et al., 1996). About half of the carbon dioxide anthropogenic emission accumulates in the
atmospheric, while about one quarter is absorbed by the ocean and the last quarter by the
continental ecosystems (Le Quéré et al., 2014a), northern ecosystems being one of the carbon sinks
that mitigates the rise of atmospheric CO2 concentration (Forkel et al., 2016). In addition to the
structural and functional changes affecting vegetation, the lengthening of the growing season in the
northern ecosystems is considered among the main processes explaining the continental carbon sink
(Graven et al., 2013; Le Quéré et al., 2014b; Buermann, 2016; Forkel et al., 2016), as the increase in
the annual gross carbon uptake by ecosystems due to an lengthening growing season is only partially
offset by the increase in respiration at autumn (Richardson et al., 2010), so that the net carbon
uptake increases with the length of the growing season (Baldocchi et al., 2001).

However some contradictory results exist (Buermann, 2013) as the growing season lengthening does
not necessarily transfer into an increased annual net productivity because of water stress (White &
Nemani, 2003) or increased soil respiration (Goulden et al., 1998). Spring advance was even found
associated with a decrease in annual carbon uptake measured at the Kitalik station in the Siberian
arctic (Parmentier et al., 2011). Remote sensing has revealed a complex geographical patterns of the
correlation between the respective dates of spring and autumn: for large regions of Canada and
Siberia, early autumn was associated with early spring which reduced the influence of the date of the
beginning of spring on the growing season length (Liu et al., 2016). This result was also found in
some temperate forests (Keenan, 2015). However, the inverse relationship was found for other
regions in Canada and Siberia (Liu et al., 2016). Combining passive microwave and optical remote
sensing also revealed that early spring (and early snowmelt) leads to decreased ecosystem greenness
in summer in parts of Siberia (Grippa et al., 2005). Overall these results indicate a complex
relationship between phenology and annual carbon uptake, which cannot be separated from other
processes affecting the vegetation functioning or the water balance. Therefore our efforts have
mainly concentrated on improving dynamic vegetation models (DVM) that simulate a cascade of
processes involved in carbon uptake and release, energy and water exchanges, and plant growth.

The maps of green-up dates have been used to calibrate the modeling of phenology in the Sheffield
Dynamic Vegetation Model (Woodward et al., 1995) aiming to simulate the carbon budget of Siberia
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ecosystems (Picard et al., 2005). Phenological models aim at predicting the date of budburst from
daily air temperature time series. The model that was used is the degree-day model to predict the
date of budburst as the date when the cumulative (from the 1 January) difference between the daily
temperature and a fixed base-temperature reaches a threshold value. Both the base-temperature
and the threshold were calibrated (Picard et al., 2005). Other three models including the chilling
requirement, i.e. the need for a cold period to release the dormancy, did not display better
agreement with remote sensing than the simpler degree-day model, probably because the need for
cold was always fulfilled in the central Siberia. The calibration has consisted in determining the set of
model parameters that maximized the agreement with the remote sensing maps (Picard et al., 2005).
The modeled budburst date was compared to ground observations at various sites in boreal Eurasia
located inside or outside the calibration area (Fig.10) (Delbart et al., 2008). Remarkably the RMSE
was 7.3 days, with no bias, which is one day better that the agreement between the remote sensing
green-up date and the ground observations. The model was also shown to perform as well for tundra
shrubs than for taiga trees, and as well as phenology models designed specifically for tundra (Fig. 11)
(Delbart & Picard, 2007). This model can be used across the taiga-tundra ecotone even for
simulations under future climate if the ecotone is simulated to move.
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Fig. 10 : Modelled leaf-out dates vs. in situ leaf appearance dates observed at ten locations in boreal
Eurasia. The model is a degree-day model applied to temperature time series from the ERA40
reanalysis dataset (Picard et al., 2005). Source : (Delbart et al., 2008).
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Fig 11 : In situ dates of leaf appearance, simulated green-up dates (Picard et al., 2005) and remote
sensing green-up dates from the NDWI-VGT and PST-NOAA methods (Delbart et al., 2005, 2006) at
the Toolik Station. Source : (Delbart & Picard, 2007)

Sensitivity study showed that a one day bias in the modelled green-up date would translate to a 2.2%
error on the annual net primary productivity for the central Siberia study area (Picard et al., 2005).
Removing the radiometric effect of the snowmelt on the green-up date detection had therefore led
to a decrease in the annual NPP uncertainty. The same phenology model was introduced in a second
DVM, SEIB-DVM (Sato et al., 2007, 2010), that differs from the first model by simulating the growth
of individuals. Simulations under increasing temperature has revealed that for Eastern Siberian larch
forests the lengthening of the growing season was accompanied by an increase in water stress in
summer and in the carbon release through respiration, resulting altogether in a decrease of the
annual NPP, which was also reported in the above mentionned studies (Goulden et al., 1998;
Parmentier et al., 2011; Liu et al., 2016).

In conclusion, the impact of phenological responses to temperature variations on the annual
productivity of boreal ecosystems is still unclear and strongly depends on regional and local
conditions, and especially depends on all processes affecting the water availability. It does not seem
that a specific homogeneous effect of phenology can be clearly identified. Phenology is a
temperature driven process, among other climate driven processes that must all be modelled taking
into account the regional specificities of the interplay between soil, water and carbon cycles. To this
end, an arctic-specific version of a third land surface model (LSM), ORCHIDEE (Krinner et al., 2005;
Guimberteau et al., 2018), was recently designed by incorporating specific developments of the
processes related to permafrost, snow, plant functional type distribution (Ottlé et al., 2013) and
through a rational selection of key parameters to be calibrated (Dantec-Nédélec et al., 2017b). This
version was evaluated through a comparison to a large set of ground observations, fluxes time series,
and satellite derived parameters including phenology and leaf area index (Dantec-Nédélec, 2017a),
and will be used to explore the future of the carbon balance. Besides, it must be noticed that actual
plant productivity, and not only greenness, may be monitored by other types of remote sensing like
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solar-induced fluorescence, leading to new insight into boreal ecosystem carbon budget (Walther et
al., 2016).

5 Conclusion

This chapter has summarized the results obtained in three directions. The first one concerns the
methods to measure and map the green-up date of boreal ecosystems without signal disturbance by
snowmelt, and has established its link to the actual tree leaf appearance date. It was also shown that
the interannual variations in the green-up date correspond to the phenology of a whole community
of plants. The second one is the analysis of the time variations in green-up date, that has revealed a
5-day shift to earlier spring between 1987 and 1990. Before 1987 and after 1990, trends can be
found locally but not at large scale, as interannual variability in the green-up date exceeds its trend.
The third study direction is the integration of phenology in ecosystem models designed to simulate
the carbon, energy and water exchanges between the ecosystem and the atmosphere. Remote
sensing green-up date maps were successfully used to calibrate a phenology model that was
unbiased and able to reproduce spatial and temporal variations in phenology from the daily
temperature time series. The integration of such a model was crucial as it avoids bias in the
simulated productivity, as the green-up date may influence the growing season length and thus the
annual carbon budget. However, because the annual carbon budget depends only partly on
phenology, and because earlier spring may induce an early depletion of water resources, there is no
consensus of the effect of phenology on annual carbon budget for the boreal ecosystems. Improving
all processes involved in carbon and water cycles, in soils and vegetation, in ecosystem models is
crucial. Besides, improvements in the remote sensing of other variables are necessary. Among the
variables directly related to vegetation can be listed as the leaf area index (Kobayashi et al., 2010),
vegetation stress and actual productivity (Walther et al.,, 2016), or the date of senescence. The
attempts to derive a date of senescence from spectral indices failed (Delbart et al., 2005). Results
reported in the chapter XXX by Yongwon Kim show that the snow also disturbs the retrieval of the
senescence date. Other teams display better agreement of the senescence date with ground
measurements (e.g. Jin & Eklundh, 2014). However, it is difficult to select a single date from the
remote sensing time series to represent senescence because it is a gradual process at all scales from
the leaf, the tree to the community that is observable in the medium resolution remote sensing pixel.
Dense time series of high spatial resolution optical remote sensing images that are now available
may partly solve this issue by zooming the phenology studies nearly up to the individuals trees.
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