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[1] A number of studies have suggested that the growing season duration has
significantly lengthened during the past decades, but the connections between phenology
variability and the terrestrial carbon (C) cycle are far from clear. In this study, we used the
“ORganizing Carbon and Hydrology In Dynamic Ecosystems” (ORCHIDEE) process
based ecosystem model together with observed climate data to investigate spatiotemporal
changes in phenology and their impacts on carbon fluxes in the Northern Hemisphere
(>25°N) during 1980-2002. We found that the growing season length (GSL) has
increased by 0.30 days yr ' (R*=0.27, P = 0.010), owing to the combination of an earlier
onset in spring (0.16 days yr ") and a later termination in autumn (0.14 days yr ).
Trends in the GSL are however highly variable across the regions. In Eurasia, there is a
significant trend toward earlier vegetation green-up with an overall advancement rate of
0.28 days yr ' (R? = 0.32, P = 0.005), while in North America there is a significantly
delayed vegetation senescence by 0.28 days yr~' (R? = 0.26, P = 0.013) during the study
period. Our results also suggested that the GSL strongly correlates with annual gross
primary productivity (GPP) and net primary productivity (NPP), indicating that longer
growing seasons may eventually enhance vegetation growth. A 1-day extension in
GSL leads to an increase in annual GPP of 5.8 gC m > yr ' (or 0.6% per day), and an
increase in NPP of 2.8 gC m 2 yr ' per day. However, owing to enhanced soil carbon
decomposition accompanying the GPP increase, a change in GSL correlates only poorly

with a change in annual net ecosystem productivity (NEP).

Citation: Piao, S., P. Friedlingstein, P. Ciais, N. Viovy, and J. Demarty (2007), Growing season extension and its impact on
terrestrial carbon cycle in the Northern Hemisphere over the past 2 decades, Global Biogeochem. Cycles, 21, GB3018,

doi:10.1029/2006GB002888.

1. Introduction

[2] Climate change has already affected the terrestrial
ecosystems both structurally and functionally [Walther et
al., 2002]. An easily observable effect of such ongoing
changes is the timing of phenology events, such as bud-burst,
flowering, leaf unfolding, and leaf coloration [Penuelas
and Filella, 2001]. Phenology studies based on field obser-
vations [Menzel and Fabian, 1999; Ahas et al., 2000], remote
sensing data [Myneni et al., 1997; Zhou et al., 2001; Tucker
et al., 2001; Suzuki et al., 2003; Stéckli and Vidale, 2004],
atmospheric CO, observation data [Keeling et al., 1996],
and ecological process modeling [Lucht et al., 2002] all
robustly indicate that the vegetation growing season length
(GSL) significantly increased over the past decades, princi-
pally through an earlier beginning and a later termination.

[3] Interannual variability and trends in the timing and
length of the growing season modifies biosphere-atmosphere
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interactions, and induces changes in albedo [Chapin et al.,
2005], in carbon [Wilson and Baldocchi, 2000; Baldocchi et
al., 2001; White and Nemani, 2003; McDonald et al., 2004;
Niemand et al., 2005] and nutrient cycling [Stockfors and
Linder, 1998]. Using a combination of biogeochemical and
atmospheric modeling, Randerson et al. [1999] suggested
that an increase in early season plant carbon uptake driven
by warmer spring conditions can account for the observed
enhanced amplitude and advanced timing of the seasonal
cycle of atmospheric CO, concentration [Keeling et al.,
1996]. Therefore quantifying the effect of phenological
variability on the terrestrial carbon cycle is necessary for
understanding the mechanisms of the current trends of
vegetation “greening” and carbon sinks observed in the
middle and high latitudes of the Northern Hemisphere
[Zhou et al., 2001; Nemani et al., 2003].

[4] Developments in the fields of eddy-covariance tech-
niques and terrestrial ecosystem modeling have greatly
increased the opportunity for exploring the potential effect
of vegetation growing season extension on terrestrial carbon
exchange with atmosphere. A recent study based on multi-
year tower eddy flux measurements of CO, exchange and
phenology over Tharandt Forest Anchor Station reported
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Table 1. PFTs and PFT-Specific Parameters of Phenology
Submodel in ORCHIDEE?®

Vegetation
Green-Up Senescence
Phenology GDDg, NGDg, Hg, Ac, Ts,
PFT Type °C*days days days days °C Hs
TrBE 910
TrBR moi 50 180 0.3
TeNE 910
TeBE 730
TeBS  ncdgdd  603e 0N _ 64 180 125
BoNE 910
BoBS ncdgdd  603e %' N _ 64 180 5
BoNS ngd 17 180 7
NC3 moigdd 185 35 120 4 02
NC4 moigdd 400 35 120 5 0.2
AC3 moigdd 125 75 150 10 0.2
AC4 moigdd 400 75 120 10 0.2

“The PFTs are: tropical broadleaf evergreen forests (TrBE), tropical
broadleaf raingreen forests (TrBR), temperate needleleaf evergreen forests
(TeNE), temperate broadleaf evergreen forests (TeBE), temperate broadleaf
summergreen forests (TeBS), boreal needleleaf evergreen forests (BoNE),
boreal broadleaf summergreen forests (BoBS), boreal needleleaf summer-
green forest (BoNS), natural C, grass (NC3), natural C4 grass (NC4),
agriculture C, grass (AC3), and agriculture C, grass (AC4). Phenology
types are: onset date of green-up dependent on soil moisture (moi), onset
date of green-up dependent on growing degree days (ncdgdd), onset date of
green-up dependent on number of growing days (ngd), and onset date of
green-up dependent on growing degree days and soil moisture (moigdd).
GDDg, critical growing degree days (°C*days); NGDg, critical number of
growing days (days); Hg, minimum time elapsed since moisture minimum
(days); Ac, critical leaf age for leaf senescence (days); Ts, critical weekly
temperature for leaf senescence (°C); Hs, critical weekly moisture stress for
leaf senescence; and N, number of chilling days.

that annual GPP for old coniferous forest dominated by
Norway spruce increased by approximately 17 gC m™2 yr—
with the extension of GSL [Niemand et al., 2005]. According
to global temperate forest flux measurements, an increase
in annual NEP in response to extending the carbon uptake
period for temperate broadleaf summergreen forest is
around 5.7 gC m~2 yr ! per day [Baldocchi et al., 2001].
Modeling studies suggested that a 1-day extension of GSL
is sufficient to lead to an increase of 0.5% in the annual GPP
of deciduous forest [White et al., 1999]. Similarly, the
sensitivity of annual NPP to the timing of spring plant
emergence was also found to be on the order of 1% per day
for boreal forests [Kimball et al., 2004].

[s] The primary objective of this study is to investigate
the links between the trends of phenological events and
terrestrial carbon fluxes at the global scale. To achieve this
goal, we use a process based ecosystem model called
ORCHIDEE. The model is forced on an hourly basis by
observed climate and weather data to simulate carbon fluxes
as well as the timing of phenological events. The model
results, archived on a daily time step over the period 1980—
2002 are analyzed for the changes in the onset and termina-
tion of the growing season, and their subsequent relationships
with gross and net carbon fluxes at different scales.

2. Methods and Data Sets
2.1. Process-Based ORCHIDEE Model

[6] A recently developed dynamic global vegetation
model called ORCHIDEE (““ORganizing Carbon and

PIAO ET AL.: PHENOLOGY AND CARBON CYCLE IN NH

GB3018

Hydrology In Dynamic Ecosystems’) was used to simulate
terrestrial carbon dynamics as well as phenological events.
The ORCHIDEE model is composed of three coupled
submodels: a surface-vegetation-atmosphere transfer model
SECHIBA [Ducoudré et al., 1993], a biogeochemical
process model STOMATE and a third model dealing with
ecosystem dynamics (i.e., fire, sapling establishment, light
competition, tree mortality). SECHIBA simulates on a half-
hourly time step the processes of photosynthesis, energy
and water exchanges between atmosphere and land, as well
as the soil moisture budget. The onset and senescence of
foliage development, and the flows of carbon within the
ecosystem pools (i.e., carbon allocation, mortality, litter
decomposition, and soil carbon decomposition) are calcu-
lated by the STOMATE submodel, at a daily time step.

[7] Several phenology models have been developed for
various spatial scales and application purposes. The phe-
nology model used in ORCHIDEE is process driven, and
developed from satellite-derived phenological observation
[Botta et al., 2000]. The onset of leaf growth is generally
triggered by parameters such as the number of growing
degree days and chilling days, photoperiod, soil moisture
contents, and vegetation type [Moulin et al., 1997]. The
global vegetation in ORCHIDEE is classified into 12 Plant
Functional Types (PFT), which all have distinct phenolog-
ical criteria (Table 1). Temperature is the principal trigger of
growth onset for temperate and boreal vegetation. Accord-
ingly, the green-up date of boreal needleleaf summergreen
forests is estimated from a number of growing days, defined
as the number of days over a given period for which the
daily mean air temperature is above a threshold (i.e., —5°C).
The effect of temperature on green-up for broadleaf sum-
mergreen forests is estimated on the basis of growing degree
days (GDD), which further depends on the number of
chilling days during the winter season. This number is
calculated as the number of days from the moment when
weekly NPP has fallen below 20% of last year’s maximum
weekly NPP to the moment when daily mean air tempera-
ture is below a particular threshold (—5°C for temperate
broadleaf summergreen forests and 0°C for boreal broadleaf
summergreen forests). For grasses, beginning of the grow-
ing season depends on both GDD and soil moisture avail-
ability. Generally, an increase in chilling days reduces the
GDD demand of broadleaf summergreen forests as

g = 603 x e " — 64, (1)

where g. is required GDD demand for leaf onset, n is
number of chilling days.

[8] Leaf senescence depends on a critical leaf age, water
and temperature stresses. For temperate and boreal summer-
green forests, leaves will shed when temperature decrease
(i.e., current weekly temperature are lower than average
temperature of the previous month) and weekly temperature
fall below a prescribed threshold (i.e., 12.5°C for broadleaf
summergreen forests, 5°C for boreal broadleaf summer-
green forests and 7°C for boreal needleleaf summergreen
forests). For grasses, leaves will shed when weekly soil
moisture stress is below 0.2, or when weekly temperature is
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Figure 1. Seasonal variations in the 23-year averaged LAI and its change ratio as well as GPP for the
entire study area. LAI change ration (LAlL,,) is calculated using equation (3).

lower than 4°C. In addition, some fraction of the leaves is
lost as a function of leaf age as

4
AB; = B;min (0.99, At (ﬁ) > : (2)
a. \da.

where a, is the critical leaf age, B is leaf biomass at the time
t, and a is the leaf age. Independent of PFT, critical leaf age
is set from 6 months for natural grassland to 2.5 years for
evergreen PFTs. Details of this model and parameters are
described by Krinner et al. [2005] and Botta et al. [2000].

[0] Botta et al. [2000] calibrated their leaf onset model
against satellite data, and derived realistic results for all PFT
in the temperate and high latitudes; 62% of grid cells have a
simulated date within 10 days of the satellite observed date
(which is also the temporal resolution of remote sensing
data). A general consistency was also found between the
satellite-derived and modeled interannual variability of the
onset date for each PFT during 1983—1993 [Botta, 1999].
The seasonal cycles of energy and water exchanges and
carbon fluxes from ORCHIDEE model have also validated
by comparing eddy covariance data at particular sites
around the world, and found that the simulation results
compare well with observation [Krinner et al., 2005]. The
model also realistically represents spatial distribution of
vegetation and leaf density at global or regional scales
[Krinner et al., 2005].

2.2. Data Sets

[10] We run the ORCHIDEE model with observed climate
and weather data and rising atmospheric CO,, using pre-
scribed actual vegetation and soil distribution information to
quantify interannual changes in phenology and GPP, NPP,
NEP. The meteorological data required as input for the
ORCHIDEE model include air temperature, precipitation,
wet day frequency, diurnal temperature range, cloud cover,
relative humidity of the air and wind speed. Monthly data
sets, with a spatial resolution of 0.5° for 1901-2002, were

supplied by the Climatic Research Unit (CRU), School of
Environmental Sciences, University of East Anglia, U.K.
[Mitchell and Jones, 2005]. These data were transformed to
daily weather variables using a weather generator [Richardson
and Wright, 1984].

2.3. Simulation and Analysis

[11] Using 1901 climate data and the 1860 atmospheric
CO, concentration of 286 ppm, we first run the model at a
resolution of 2 degree until the carbon pools reach equilib-
rium (about 1000 years). Owing to a lack of climate data
during the period of 1860—1900, the model is then run to
1900 with the climatology selected from a random sequence
of years between 1901 and 1910 and atmospheric
CO, concentration of the corresponding year. This state was
used as an initial condition for the 1901-2002 run. The
model results from 1980 to 2002 were saved at a daily time
step and analyzed in the following.

[12] A “sudden change” in leaf stage can be related to the
onset or cessation of “significant photosynthetic activity”
[Reed et al., 1994; Moulin et al., 1997]. The two stages of the
growing season, i.e., vegetation green-up and senescence,
are calculated on the basis of the seasonal cycle of LAI
(Figure 1). In general, for a biome at each pixel, its LAI
value gradually increases first, reaches a maximum, and
then decreases with increasing Julian day during the grow-
ing season. The onset time of vegetation green-up is defined
as the day when LAI starts to increase. For the vegetation
senescence, we first use the mean LAI seasonal cycle during
1980—-2002 to calculate a LAI threshold corresponding to
the inception of senescence when the highest negative
relative LAI change, namely minimum value of LAI change
ratio (LAl,) (by equation (3)) occurs. However, if the
highest negative relative LAI change occurs after the mean
GPP upward crossed the zero axis, LAI value of mean GPP
upward zero crossing time is calculated as the LAI threshold
of the corresponding onset date of vegetation senescence.
Then the onset date of vegetation senescence for each year
is defined as the day when LAI value down crossed the
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Figure 2
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thresholds. These onset dates were then used to analyze
their trends over year.

LAl (t) = [LAI(t + 1) — LAI(1)]/[LAI ()] x 100,  (3)

where ¢ is time (temporal resolution of 1 day), and LAI(t) is
LAI value at Julian day t. Since in this version of
ORCHIDEE, crop phenology is simply treated in very
similar manner to that of grassland, we only analyze grid
cells with <50% fraction of crop.

3. Results
3.1. Mean Patterns

[13] The model-simulated seasonal variations in the 23-year
averaged LAI and its change ratio (LAl.,) as well as GPP
for the entire study area (>25°N) are shown in Figure 1. The
LAI value starts to increase on Julian day 91 (1 April) and
then decreases gradually after reaching its maximum on
Julian day 229 (17 August). The minimum value of LAI
occurs on Julian day 271 (28 September). Therefore we
determined the Julian day 91 to be the mean onset date of
green-up and Julian day 271 to be that of vegetation
senescence for the entire study area.

[14] Figure 2a displays the spatial distribution of the mean
onset dates of green-up as calculated from the ORCHIDEE
model for the period 1980-2002. As expected, the mean
green-up date is progressively delayed with increasing
latitude and increasing continentality. The latest dates of
green-up occur in northern Siberia, northern Canada, and
over the Tibetan Plateau, owing to low temperatures. It
should be noted that in Mediterranean regions, such as
Spain and North Africa, the vegetation cycle begins in the
fall, coincidently with an increase in precipitation and soil
moisture content [Moulin et al., 1997]. The dates of
vegetation senescence, shown in Figure 2b occur in reverse
order of the green-up onset. In particular, Southwestern
Eurasia has the earliest senescence dates. Grasses and crops
prevail over that region, where precipitation in late summer
is relatively low. As a consequence of this heat and water
stress, LAI decreases rapidly by late summer, and senes-
cence occurs in August. The GSL, shown in Figure 2c, is
found to increase dramatically with decreasing latitude. It is
the shortest in central and eastern Siberia along the Arctic
coast, with a duration of only 3 months. In contrast, most of
Europe, Eastern China and Southern North America have
long growing seasons, lasting up to 8 months.

3.2. Trends in Phenology
3.2.1. Trends Over the Entire Study Area

[15] Between 1980 and 2002, the mean dates of vegeta-
tion green-up have advanced at a fast rate of 0.16 days yr '
(R*=0.23, P=0.021) over the study area (Figure 3a). Such
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a spring phenology trend is caused by a significant increase
in spring temperature. The mean temperature in March—
April over the study area has increased by 0.06°C yr~ ' (R* =
0.35, P = 0.003) during the past two decades. Regression
analysis indicates that over northern ecosystems, the warm-
ing trend of spring temperature triggers an earlier vegetation
green-up of 3.0 days °C~" (R* = 0.76, P < 0.001).

[16] The mean onset date of vegetation senescence shows
a dramatic delay of 0.14 days yr~ ' over the 23 years (R* =
0.18, P = 0.043), coincident with the mean autumn
(September and October) temperature change of 0.031°C yr~
(R* = 0.27, P = 0.011) (Figure 3b). An increase in mean
autumn temperature by 1°C delays the vegetation senes-
cence by 3.1 days (R* = 0.31, P = 0.006). Overall, the GSL
north of 25°N has lengthened by on average 0.30 days yr~'
since 1980 (R? = 0.27, P = 0.010).

3.2.2. Spatial Patterns of Trends

[17] Linear trends in vegetation green-up dates and GSL
over 1980—-2002 were computed in each pixel using linear
regression analysis according to the equation of onset
timing of spring (dependent variable) with year (indepen-
dent variables). The spatial patterns of the trends in vege-
tation green-up are mapped in Figure 2d. More than 70% of
the study region experienced an advancing trend in the
vegetation green-up, due to increasing spring temperature.
The largest advancement in green-up (over 0.5 days yr ')
mainly occurs in southern Siberia, eastern China, Europe
and southeastern and south western North America. In
Europe and East Asia, recent analysis based on multiyear
remote sensing data have also found a significant trend
toward advanced onset dates of vegetation green-up with rates
of 0.54 days yr ' and 0.79 days yr ', respectively [Stockli
and Vidale, 2004; Piao et al., 2006a]. In addition, according to
Chmielewski and Rotzer [2001], the average leaf unfolding of
four tree species in Europe advanced by 8 days from 1989 to
1998. In western USA, bloom dates occurred 5—-10 days
earlier since the late 1970s [Cayan et al., 2001].

[18] Previous studies have suggested that later onset of
autumnal phenological events are less pronounced and
show a more heterogeneous pattern than spring phenolog-
ical events [Walther et al., 2002]. The model simulated
trends in the onset of senescence also exhibit a more
fragmented pattern (Figure 2e). While some regions in
south western North America experienced an earlier termi-
nation of the growing season, most of northern North
America (>50°N) shows a trend toward later growing
season end. In Eurasia, the regions showing a trend toward
an earlier senescence are the Caspian Sea and Eastern
Europe. Such spatial heterogeneity of trends in onset of
senescence may result mainly from differences in regional
climate changes. In Eastern Europe, this trend is coupled
with decreasing autumn temperature [/ntergovernmental
Panel on Climate Change, 2001], whereas in southwestern

Figure 2. Spatial distribution of ORCHIDEE model-derived onset timing of vegetation green-up, vegetation senescence,
and length of growing season for all areas of north of 25°N. (a) Average Julian day of vegetation green-up, (b) average
Julian day of vegetation senescence, (c) average growing season length, (d) trends in dates of vegetation green-up (days
yr 1), (e) trends in dates of vegetation senescence (days yr '), and (f) trends in growing season length (days yr'). Grid
cells with >50% of crop fraction and spare vegetation cover are shown masked in gray.
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Figure 3. Interannual changes in (a) dates of vegetation green-up and spring temperature and (b) dates
of vegetation senescence and autumn temperature for entire study area from 1980 to 2002.

North America and the Caspian Sea regions, it may be and 50°N in central and western United States, and in
associated with the heat or water stress induced by regional Central Asia.
warming [Angert et al., 2005]. [20] Table 2 compares the trends in the timing of the
[19] There is some spatial heterogeneity in the spatial growing season during the past 23 years between Eurasia
distribution of the GSL trends shown in Figure 2f. North of and North America. In Eurasia, there is a significant trend
approx. 55°N, the average GSL is modeled to increase, toward earlier vegetation green-up with an overall advance-
usually as a combined result of earlier green-up in Eurasia ment rate of 0.28 days yr ' (R =0.32, P = 0.005). In stark
and later senescence in North America. Areas characterized contrast, the green-up dates over North America do not show
by a decline in the GSL are located mainly between 30°N  any statistically significant trend (R* = 0.00, P = 0.923). On

Table 2. Linear Trends (days yr~") and Level of Statistical Significance (P) in Onset Timing of Phenology Events and Growing Season
Length (GSL) for Different Regions From 1980 to 2002

Green-Up Vegetation Senescence GSL
Region Latitude Trend, days yr ' P Trend, days yr ' P Trend, days yr ' P
Eurasia 25°N-50°N —0.41 0.016 0.02 0.904 0.43 0.055
50°N-90°N —0.28 0.021 0.12 0.159 0.40 0.023
25°N-90°N —0.28 0.005 0.11 0.238 0.39 0.013
North America 25°N-50°N —0.01 0.979 0.12 0.361 0.13 0.725
50°N-90°N —0.07 0.541 0.50 0.003 0.56 0.009
25°N—-90°N —0.01 0.923 0.28 0.013 0.29 0.048
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for entire study area.

the other hand, North America exhibits significantly
delayed vegetation senescence (R* = 0.26, P = 0.013),
especially at high latitudes (>50°N) where the dates
of vegetation senescence have changed by 0.50 days yr—
(R? = 0.34, P = 0.003).

3.3. Correlation Between Carbon Fluxes and Growing
Season Length

[21] We performed a temporal correlation analysis be-
tween the growing season length and the component carbon
fluxes of GPP, NPP and NEP. The results indicate that the
GSL closely and positively correlates with annual GPP
(R* = 0.64, P < 0.001) and with annual NPP (R* = 0.61,
P < 0.001), but not with NEP (R*> = 0.07, P = 0.213)
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(Figure 4). This suggests that GSL can be a good predictor of
annual GPP and NPP, but not of the net carbon balance of
ecosystems. Regression analysis also shows that at the
continental scale, lengthening of the growing season will
cause an increase in GPP of 5.8 gCm 2 yr~ ' per day (or 0.6%
per day) and an increase in NPP of about half that amount
(2.8 gC m 2 yr ! per day).

[22] We further regressed GSL with carbon fluxes for
temperate and boreal PFTs (Table 3). Since ORCHIDEE
does only calculate soil respiration on a grid cell and not for
each PFT present in the same grid cell, we only character-
ized the linear regression slope of GSL versus GPP and
NPP. For more than 80% of all grid points containing the
considered PFTs, we found a significant positive correlation
between annual GPP and GSL. The largest slope corre-
sponds to temgerate broadleaf summergreen forests
(9.842.6 gC m * yr ' per day), which could probably be
attributed to its relatively high GPP adjusted for the length
of growing season (the ratio of annual GPP to GSL) as
observed by eddy covariance measurements. Both our
modeling simulation and independent analysis of eddy
covariance measurements by Falge et al. [2002] show that
temperate broadleaf summergreen forest have the largest
GPP adjusted for the GSL among the above all biomes, i.e.,
9.0 gC m 2 per day and 8.3 gC m 2 per day, respectively.
Boreal needleleaf summergreen forests tend to show a
largest relative increase rate of GPP associated with GSL
(0.8 £ 0.4% per day) as seen in Table 3. Similarly, annual
NPP for each PFT is also positively correlated with GSL.
The different slope between the GPP and the NPP regres-
sion is due to concurrent changes in vegetation autotrophic
respiration.

[23] Since ORCHIDEE model does not provide soil
respiration for each biome type, we only selected pixels
that are “pure” in terms of biome type (i.e., a pixel need to
have over 90% of temperate broadleaf summergreen forest
area to be a “temperate broadleaf summergreen forest”
pixel) to investigate the relationships between NEP and
GSL for each biome. All biome show that GSL is not
significantly correlated with annual NEP in more than 50%
of grid points containing the considered PFTs, indicating
that extending GSL does not necessarily lead to higher net
CO, uptake.

4. Discussion
4.1. Phenology Changes

[24] Advanced beginning of spring and/or postponed
ending of autumn seasons have been widely reported across
the world in recent phenological studies [Menzel and
Fabian, 1999; Ahas et al., 2000; Myneni et al., 1997; Zhou
et al., 2001; Tucker et al., 2001; McDonald et al., 2004,
Smith et al., 2004; Linderholm, 2006]. A new finding
revealed in this study is that trends in the onset dates of
vegetation green-up at the continental scale are substantially
different between North America and Eurasia. In Eurasia,
there is a significant trend toward earlier beginning of
growing season by 0.28 days yr ' (R* = 0.32, P = 0.005),
whereas the beginning of growing season in North America
does not show statistically significant trends (0.01 days
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Table 3. Summary of Relationships Between Annual C Flux and Length of Growing Season for Different Biomes®

GPP Versus GSL

NPP Versus GSL NEP Versus GSL

Biome S, gCm 2 yr ' day' Re, % day ™ N, % S, gCm 2 yr ' day' Re, % day ™ N, % S, gCm 2 yr ' day' N, %
TeBS 9.8 £2.6 0.6 +£0.3 96.7 4.8+ 1.8 05+03 90.2 1.9+ 1.6 26.2
BoNS 6.1 1.7 0.8+04 99.7 34+ 1.1 0.8+04 99.4 1.1 +1.0 10.5
BoNE 49+25 04+02 91.2 224+ 1.1 04+0.2 91.5

TG 3.7+24 05+04 85.5 20+1.2 05+04 85.1 03+12 5.4

Tundra 6.2 +5.0 0.7 +0.5 87.7 35+27 0.6 + 0.4 86.1 1.0 £0.8 46.3

“Only pixels that are “pure” in terms of biome type (i.e., a pixel need to have over 90% of temperate broadleaf summergreen forest area to be a
“temperate broadleaf summergreen forest” pixel) to investigate the relationships between net ecosystem productivity (NEP) and growing season length
(GSL) for each biome. There are no pixels with more than 90% fraction of boreal needleleaf evergreen forest. S, magnitude of changes in annual C flux for
every one-day extension of GSL (gC m ™2 yr™! per day); Re, relative changes in annual C flux for every one-day extension of GSL (% per day); N, fraction
of number of pixels with significant correlation between C flux and GSL at 0.05 significance level to total numbers for each biome (%);TeBS, temperate
broadleaf summer green forest; BoNS, boreal needleleaf summer green forest; BoNE, boreal needleleaf evergreen forest; TG, temperate grassland

(multiannual mean temperature T > 10°C).

yr~ ', R* = 0.00, P = 0.923). This trend is comparable to the
satellite-observed trends in the date of freeze-thaw. Using
satellite data from the Scanning Multichannel Microwave
Radiometer (SMMR) and Special Sensor Microwave/Imager
(SSM/1), Smith et al. [2004] detected a trend of 0.39 days
yr~! toward earlier freeze-thaw in boreal Eurasia but only
0.08 days yr~' in boreal North America (>45°N) during
1988—-2002. In addition, LAI satellite products from the
Global Inventory Monitoring and Modeling Studies
(GIMMYS) [Tucker et al., 2005] also indicate that LAI has
significantly increased in Eurasia (R* = 0.37, P = 0.003), but
not in North America during the 1982—2002 period (R* =
0.01, P = 0.622). In contrast, Zhou et al. [2001] estimated
similar advance of the growing seasons for Eurasia
(0.3 days yr~ ') and North America (0.4 days yr") during
the 1981—1999 period.

[25] In autumn (September and October), however, the
increase of LAI is larger in North America (0.005 yr—',
R? = 0.17, P = 0.063) than that in Eurasia (0.003 yr ',
R? = 0.10, P = 0.156). Similarly, smaller postponed trend
of vegetation senescence date in Eurasia (0.11 days yr™ ")
than in North America (0.28 days yr ') is found from our
simulation. Although our modeled termination of the grow-
ing season in North America yields similar delayed trends
(0.28 days yr ') as that derived from NOAA/AVHRR
satellite data (0.21 days yr ') [Zhou et al., 2001], the trends
in Eurasia (0.11 days yr ') are much smaller than those of
Zhou et al. (0.58 days yr ). Using the different method
with that of Zhou et al. [2001], another estimation derived
from NOAA/AVHRR satellite observations, however,
showed earlier onset of autumn in Eurasia in both the
1980s and 1990s [Tucker et al., 2001]. In addition, Smith
et al. [2004] found a 0.31 days yr~ " trend toward earlier fall
freezing in Eurasia. Such different results not only suggest
large uncertainties in the estimation of current vegetation
growing season changes at large scales, but also imply that
the magnitude of phenological trends may vary dramatically
with different definitions of growing season, period of
investigation, and spatial scales [Linderholm, 2006].
Walther and Linderholm [2006] compared a number of
definitions of growing season, and found that depending
on the definition, GSL trends are very different. It should be
noted that the model estimates the timing of photosynthesis

cessation rather than leaf color change, which is visible
from satellite images.

[26] Several factors, such as disease, competition, soil
factors, and weather conditions, can profoundly influence
plant phenological status. Among these factors, climate
change, particularly the global warming, has been suggested
to be the major cause of the advance and extension of the
growing season [Linderholm, 2006]. Temperature change
related interannual variation in phenology can be seen in
Figure 3. For example, in 1980, 1987, 1992 and 1996,
spring temperatures were abnormally low, coinciding with
later onset dates of vegetation green-up (Figure 3a). Our
result also suggest that over the northern ecosystems, the
warming trend of spring temperature triggers an earlier
vegetation green-up of 3 days °C~', which is close to the
previous estimate of 4.0 days °C ™' [Fitter and Fitter, 2002].
In addition, the different patterns of phenology change
between North America and Eurasia may be attributed to
different seasonal temperature changes between these two
continents. The climate data show that spring (March and
April) warming in North America (R*> = 0.04, P = 0.358) is
not as significant as autumn (September and October)
warming (R? =0.27, P = 0.012). Also, the reversed scenario
is seen in Eurasia, where the mean spring warming trend of
0.07°C yr ' (R? = 0.32, P = 0.005) is twice as large as the
autumn warming trend (0.03°C yr', R* = 0.19, P = 0.038)
since 1980.

4.2. Effects of GSL Change on the Vegetation
Productivity

[27] Several studies suggest that global warming as well
as rising atmospheric CO, is a main driving force for the
observed increase in vegetation productivity at middle and
high latitudes of the Northern Hemisphere [Korner, 2000;
Zhou et al., 2001; Lucht et al., 2002; Piao et al., 2006b].
Generally the warming signal can influence productivity in
two manners [Wan et al., 2005]. One is the direct impact of
rising temperatures on plant photosynthesis and growth.
The other is the indirect impact due to changing phenology
[Fang et al., 2003], increasing soil nitrogen mineralization
and availability [Melillo et al., 2002], and reducing soil
water content [Wan et al., 2002]. In order to further separate
the effects of longer GSL on vegetation productivity from
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other factors mentioned above, we performed a multivariate
regression analysis using annual C flux (GPP or NPP) as
dependent variable and annual mean temperature (AT)
and GSL as independent variables. The results show that
both GSL and AT are significantly and positively corre-
lated with annual GPP (R%pp.gst. ar = 0.40, P = 0.002;
R%pp.at st = 0.25, P =0.02, respectively). While statisti-
cally controlling GSL, annual NPP is insignificantly corre-
lated with AT (R%Ipp_AT, GgsL = 0.11, P = 0.132). However,
there is still a significant correlation between annual NPP and
GSL (R%QPP_GSL. ar = 0.36, P =0.003). This suggests that a
change in phenology is one of the most important factors
affecting future vegetation productivity potential of northern
terrestrial ecosystems with rising global temperature.

[28] The lengthening of vegetation growing season dura-
tion has been suggested to primarily account for the
enhanced vegetation productivity observed in northern
ecosystems over the past two decades [Myneni et al.,
1997; Fang et al., 2003; Nemani et al., 2003]. Indeed, our
results show a meaningful impact of increase in GSL on the
vegetation productivity at the global scale although such
impact differed among biome types. Over the entire study
area, the NPP increase in response to longer GSL is
approximately of 0.6% per day. Multiplying this average
ratio by the growing season extension determined either
from our phenological model (0.39 days yr~! in Eurasia and
0.29 days yr ' in North America) or from the NOAA/
AVHRR NDVI data (0.97 days yr~' in Eurasia and
0.64 days yr ' in North America), one can predict that
the annual NPP actually increased by 0.3-0.6% yr ' in
Eurasia and by 0.2—-0.4% yr~' in North America, approx-
imating our estimation of 0.4% yr' in Eurasia and 0.3%
yr~ ! in North America over the study period. This increase
is comparable to the one reported from remote sensing data
analysis using empirical light-use efficiency models, i.e.,
0.47%yr " in North America [Hicke et al.,2002], 1.03% yr ™'
in China [Fang et al.,2003] and 0.34% yr~ ' globally [Nemani
et al.,2003]. Similarly, our results suggest that terrestrial NPP
over the study area increased at a rate of 0.35% yr~ ' during
the period 1980—2002 (R* = 0.64, P < 0.001).

[20] Our results also showed that there are noticeable
effects of GSL on vegetation carbon storage. For each day
that growing season increased over the entire study area,
vegetation carbon storage increased by 8.5 gC m * (R? =
0.35, P = 0.003), which is similar to the TEM model
estimates of 8.9 gC m > [Euskirchen et al., 2006]. This
finding indicates that recent extending of GSL as well as
changes in land use [Goodale et al., 2002] have resulted in
an increase of terrestrial biomass storage in Northern
Hemisphere. However, we could not determine the relative
contribution of these two factors, because we did not take
into account changes in land use in this study. Furthermore,
there are also significant relationships between GSL and
annual maximum LAI, which supports the results of Myneni
et al. [1997] that extending growing season leads to an
increase in annual maximum vegetation activity.

4.3. Effects of GSL Change on the NEP

[30] As well as NPP, heterotrophic respiration also affects
net carbon exchange between atmosphere and terrestrial
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(NEP). The balance of these two major fluxes determines
whether terrestrial ecosystems will act as a net C sink or
source under climate changes. Although a decadal increase
in GSL can profoundly enhance the carbon uptake by
ecosystems, we found that the annual NEP did not system-
atically increase along with a longer GSL. This agrees with
the results of recent analysis based on observing multiyear
continuous in situ data at the Harvard Forest eddy-covariance
site and biogeochemical modeling [White and Nemani,
2003]. The weak relationships between annual NEP and
GSL could be explained by the opposing effect of enhanced
soil carbon decomposition directly induced by warming
which is suggested to be the major driving force of the
extension of growing season [Menzel and Fabian, 1999;
Penuelas and Filella, 2001]. Statistical analysis shows that
approximately 0.5% (or 2.4 gC m ™2 yr~' per day) of annual
heterotrophic respiration increased with a 1-day extension in
GSL (R” = 0.52, P < 0.001). This result indicates that the
connection between GSL and annual NEP is more compli-
cated. Continuous eddy-covariance measurement should
provide further opportunities to evaluate these relationships
over longer time periods.

[31] Owing to lack of measurements on the state of
canopy each day, carbon uptake period (defined as the
period of terrestrial net carbon uptake from atmosphere,
CUP) instead of GSL was widely used in previous eddy-
covariance studies [Baldocchi et al., 2001, 2005]. For
example, Baldocchi et al. [2001] found a strong relationship
between CUP and annual NEP across many temperate
broadleaf summergreen forest sites from FLUXNET net-
work, and suggested that extending GSL may induce an
increase in terrestrial carbon sink. Recent analysis revealed
that annual NEP is significantly correlated with CUP, but
not with GSL [White and Nemani, 2003]. To test this
hypothesis, we further examined the relationships between
CUP and annual NEP for the entire study area (>25°N). The
length of CUP was estimated from the dates when 5-day
moving average of NEP crossed the zero axis in spring and
again in autumn. We found a strong positive correlation
between annual NEP and CUP (R? = 0.56, P < 0.001),
comparing to a week correlation between annual NEP and
GSL (R* = 0.07, P = 0.213). This suggests that CUP and
GSL should not be equated.

5. Conclusions

[32] Using a process oriented ecosystem carbon model
which calculates the growing season onset and termination
as forced by climate and biogeochemical processes, we
investigated interannual variability and decadal trends in
phenology and their effects on terrestrial carbon cycling in
the Northern Hemisphere from 1980 to 2002. Over most
ecosystems north of 25°N, we modeled a trend toward
longer growing seasons, usually caused by an earlier spring
green-up in Eurasia and by a later senescence in North
America. This result is in good general agreement with
literature reports of lengthening growing seasons and
“greening trends” in the Northern Hemisphere. Our model
simulations also suggest that there is a significant positive
correlation between annual GPP and NPP and growing
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season duration, as observed at many eddy-covariance sites.
This finding implies that the recent lengthening of the
growing season as driven by warmer temperatures can
strongly enhance plant growth and increase NPP over
northern ecosystems. The pertaining NPP increase is suffi-
ciently large to explain the current satellite observed trends
in vegetation activity at middle and high latitudes, a result
which points out to the key importance of phenological
processes in controlling the vegetation productivity of
northern ecosystems in response to future warming.

[33] Our modeling results also show that because of the
contribution from concurrent stimulating of soil deposition,
annual NEP does not exhibited significant correlation with
GSL. Thus current extending GSL does not necessarily lead
to increase in the magnitude of terrestrial carbon sink of
Northern Hemisphere. More detailed studies based on
long-term eddy-covariance data sets are needed to better
understand the implications of growing season change for
terrestrial net carbon gain.
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