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Abstract Vegetation phenology and its variability have substantial influence on land-atmosphere
interaction, and changes in growing season length are additional indicators of climate change impacts on
ecosystems. For these reasons, global land surface models are routinely evaluated in order to assess their
ability to reproduce the observed phenological variability. In this work, we present a new approach that
integrates a wider spectrum of growing season modes, in order to better describe the observed variability in
vegetation growing season onset and offset, as well as assess the ability of state-of-the-art land surface
models to capture this variability at the global scale. The method is applied to the Community Land Model
version 4.5 (CLM4.5) simulations and LAI3g satellite observation. The comparison between data and
model outputs shows that CLM4.5 is capable of reproducing the growing season features in the Northern
Hemisphere midlatitude and high latitude, but also displays its limitations in areas where water
availability acts as the main driver of vegetation phenological activity. Besides, the new approach allows
evaluating land surface models in capturing multigrowing-season phenology. In this regard, CLM4.5
proves its ability in reproducing the two-growing-season cycles in the Horn of Africa. In general, the new
methodology expands the area of analysis from northern midlatitude and high latitude to the global
continental areas and allows to assess the vegetation response to the ongoing climate change in a larger
variety of ecosystems, ranging from semiarid regions to rain forests, passing through temperate deciduous
and boreal evergreen forests.

1. Introduction

Many studies have shown a large influence of plant phenology and its variability on land-atmosphere inter-
actions (e.g., Buermann et al., 2001; Chen et al., 2016; Collalti et al., 2016; Dahlin et al., 2015; Keenan
etal., 2014; Lawrence et al., 2011; Richardson et al., 2013) and identified changes in vegetation growing sea-
son as appreciable indicators of climate change (e.g., Collalti et al., 2018; Jeong et al., 2011). For example,
Richardson et al. (2013) show that many vegetation-climate system feedbacks triggered by changes in local
microclimate, surface roughness, or surface albedo, might be driven by modifications of vegetation phenol-
ogy. Keenan et al. (2014) find a negative feedback among temperature, phenology, and carbon generated by
a prolongation of the phenology active season. Besides, an increasing knowledge on land biogeochemical
processes has recently led to the development of a new generation of land surface models, able to represent
explicitly carbon and nitrogen land cycles, plant phenology, and surface processes at global scale (Goll et al.,
2012; Lawrence et al., 2018; Oleson et al., 2013; Zaehle & Friend, 2010). These land surface models simulate
the starting and ending times of vegetative season as a function of day length, soil humidity, temperature,
and precipitation (e.g., Oleson et al., 2013). Since the phenological variability is crucial for climate studies,
these global surface models need to be routinely evaluated in order to assess their ability in reproducing the
observed land conditions (e.g., Anav et al., 2013; Murray-Tortarolo et al., 2013; Randerson et al., 2009).

Vegetation phenology can be assessed by taking into account many plant features and indexes, especially
leaves color, described by means of many indexes such as the normalized difference vegetation index
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(NDVI), the enhanced vegetation index, the green chromatic coordinates, the soil-adjusted vegetation index
(SAVI), or the soil-adjusted and atmospherically resistant vegetation index (e.g., Churkina et al., 2005; Jeong
et al., 2011; Huete, 1988; Huete et al., 1994; Keenan et al., 2014; Sonnentag et al., 2012; Xu et al., 2013;
Zhang et al., 2003), and canopy density, described by the Leaf Area Index (LAI e.g., Kang et al., 2003;
Murray-Tortarolo et al., 2013). Moreover, the benchmark of vegetation phenology is often performed in mid-
dle and high-latitude regions in the Northern Hemisphere (NH), areas covered by large and uniform forests,
which are usually well reproduced in state-of-the-art land surface models (e.g., Anav et al., 2013; Jeong et al.,
2011; Xu et al., 2013; Murray-Tortarolo et al., 2013). However, the skill of land surface models in the repre-
sentation of global biogeochemical cycles, especially in areas characterized by complex vegetation structure,
need to be carefully proven.

The present study describes a new approach, which integrates and expands previous methods aimed at inves-
tigating phenology variability at the global scale. This method, then, can be used for benchmarking land
surface models phenology. Differently from Zhang et al. (2003), the approach presented here applies specif-
ically on LAI, and it is based on the method recently discussed by Murray-Tortarolo et al. (2013, hereinafter
MT13), which proved to be robust in the middle and high latitudes of the NH, but has never been applied
before to the Southern Hemisphere (SH). The choice of LAI is motivated by the fact that it can be directly
compared with land surface models and linked to its strong influence on carbon, energy, and water bal-
ance calculations (MT13). Differently from MT13, the new approach aims at evaluating a set of four known
phenology behaviors: (1) evergreen phenology, which is characterized by limited canopy density seasonal
variation (e.g., Wu et al., 2014); (2) single growing season, featured by a nearly normal distribution shape
with a summer-peaking growing season (as identified and analyzed in MT13); (3) single growing season
distinguished by a summer dormancy behavior (reduced summer plant activity triggered, e.g., by drought
conditions as described in Volaire & Norton, 2006); (4) multigrowing-season behavior, distinguished by
two distinct growing seasons, typical of areas characterized by two separate rainy seasons such as Eastern
Africa (e.g., Martiny et al., 2006) and the Horn of Africa (e.g., Zhang et al., 2005), or croplands (e.g., Zhang
et al., 2003).

The new approach introduced in this work, named “Four Growing Season Types” (hereinafter 4GST) is
applied to a state-of-the-art land surface model, that is the Community Land Model version 4.5 (CLM4.5,
Oleson et al., 2013), and validated against the LAI3g satellite observation (Zhu et al., 2013). Despite that
a new version of the Community Land Model (CLM5.0, Lawrence et al., 2018) has been recently released,
the use of CLM4.5 allows testing the 4GST method versus previous phenology analysis (i.e., Dahlin et al.,
2015; Chen et al., 2016). In particular, Dahlin et al. (2015) is a reference for drought deciduous phenology,
while Chen et al. (2016) represent a benchmark for spring leaf-out in seasonal-deciduous phenology. Differ-
ently from these previous works, 4GST enlarges the evaluation of CLM4.5 phenology seasonal features to
the global scale and assesses its behavior in regions characterized by evergreen behavior and multigrowing
seasons.

The paper is structured as follows: methods, satellite observation, and land surface model are presented
in section 2. In section 3, the main differences between satellite observation and land surface model are
highlighted. The main implications of the results presented in section 3 are discussed in section 4, while the
main conclusions are presented in section 5.

2. Methods, Model, and Data

2.1. Satellite Observations

The LAI3g is a satellite-based observational data set, obtained applying a neural network algorithm to
the third generation Global Inventory Modeling and Mapping Studies Normalized Difference Vegetation
Index (NDVI3g) and to the Terra Moderate Resolution Imaging Spectroradiometer LAI The obtained LAI3g
data set has a 15-day temporal frequency and a 1/12° spatial resolution. Further details can be found in
Zhu et al. (2013).

In this study, we use the LAI3g values over the 30-year period 1982-2011; for consistency with model output,
we regridded the LAI3g values over a 1.25° X 0.9375° regular grid using a first-order conservative remapping
scheme (Jones, 1999). The choice of this scheme derives from the need to keep unchanged the information
deriving from model subgrid structure.

PEANO ET AL.
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2.2. The Community Land Model

The Community Land Model (CLM) is the terrestrial component of the Community Earth System Model
(CESM, http://www.cesm.ucar.edu/models/cesm1.2/), and of the CMCC coupled model version 2 (Cherchi
et al., 2019). Here, we use the version 4.5 of CLM (CLM4.5, Oleson et al., 2013) in its biogeochemical
configuration (i.e., BGC compset, Koven et al., 2013) with prescribed plant functional types (PFTs) distri-
bution, evolving in time following the Land Use Harmonization version 2 (LUH2, http://luh.umd.edu/)
and accounting for a simplified representation of crops (considered as C3 grass), differently from the model
described in Drewniak et al. (2013). CLM divides the global vegetated areas into 15 PFTs, each char-
acterized by specific optical, morphological, and photosynthetic parameters. The CLM4.5 configuration
used in this work resolves explicitly carbon-nitrogen biogeochemical cycles (Koven et al., 2013; Oleson
et al., 2013) as well as plant phenology. Specifically, CLM4.5 presents three phenology parameterizations,
which apply to three distinct plant phenological types: evergreen, seasonal-deciduous, and stress-deciduous
(Oleson et al., 2013).

The evergreen phenological type is applied to plants identified by a continuous leaf fall and fine roots
turnover distributed along the year, called background litterfall. This mechanism is driven by a PFT-specific
leaf longevity parameter (Oleson et al., 2013).

The seasonal-deciduous type is based on the off-line model Biome-BGC version 4.1.2 (Thornton et al., 2002)
and parameterizations by White et al. (1997). In particular, the leaf onset is triggered when the thermal
sum in soil temperature, also called accumulated growing-degree-day, exceeds a specific critical threshold,
which is defined from the 2-m annual average air temperature. The leaf litterfall, instead, is initiated when
the daylength is below another specific critical threshold (Oleson et al., 2013). Note that also summer and
winter solstices act as time-limiting factors in this configuration.

Since the litterfall trigger of the seasonal-deciduous type is only valid out of the tropical zone, a third type of
phenology is used to allow deciduous tropical plants dropping their leaves: the stress-deciduous type. This
category is generally applied to grass and trees that respond to both cold and drought-stress signals, and it is
based on the grass phenology model proposed by White et al. (1997). In areas characterized by year-round
warm conditions, the onset is triggered by soil moisture availability, while, in region characterized by a
cold season, both soil temperature and soil moisture are taken into account for triggering the leaf onset.
The offset, instead, can be started by (1) sustained period of dry soil, (2) sustained period of cold tempera-
ture, or (3) day length shorter than 6 hr. Given these onset and offset conditions, multiple growing season
per year and leaves persisting year-round can be simulated in areas mainly described by stress-deciduous
phenological type.

2.3. Experimental Setup

The CLM4.5isrunona 1.25° X 0.9375° regular grid and forced by atmospheric variables (2m air temperature,
precipitation, wind, surface pressure, shortwave radiation, and air humidity) coming from the CRUNCEP
version 7 reanalysis data set (Viovy, 2018). Note that the daily CLM4.5 LAI outputs are aggregated in 15-day
values for consistency with the satellite observation data set (see section 2.1).

CLM4.5 is run a second time on the same regular grid and forced with the same atmospheric forcing. Differ-
ently from the previous simulation, this one, named +5K, is characterized by a global 5-K soil temperature
increase in the entire column and covers the 10-year period between 1996 and 2005. Since soil temperature
is one of the key variables driving CLM4.5 phenology parameterization, the +5K simulation is performed
to test the response of the model phenology to extreme conditions.

2.4. Growing Season Analysis

Similarly to MT13, 4GST uses LAI seasonal cycle to infer the timing of the growing season onset and offset,
but it completes and expands the usability of the antecedent approach. In fact MT13 focuses on the northern
extratropical regions, where the LAI seasonal amplitude is assumed to have a normal distribution over the
year (Murray-Tortarolo et al., 2013; Piao et al., 2007). In contrast, the method presented for the first time in
this work is intended to focus on the global scale and represents four main phenology types: (1) evergreen
(EVG); (2) single growing season peaking in summer (SGS-S); (3) single growing season with summer dor-
mancy (SGS-D); (4) two growing seasons (TGS). EVG, TGS, and SGS-D were not considered in MT13, and,
in general, they have often been neglected in literature with focus on global models.

PEANO ET AL.


http://www.cesm.ucar.edu/models/cesm1.2/
http://luh.umd.edu/

AAAAAAAAAAAAAA

Journal of Geophysical Research: Biogeosciences 10.1029/2018G004881

LAl [m2/m2]

LAl [m2/m2]

LAl time-series

3.5
3
25
2
1.5
1
0.5

1 1. Extract LAl time-series
in each land grid-cell

A%

0
0

3.5
3
25
2
1.5

50 100 150 200 250 300 350
LAI tirrlae(-)s\;ries shift
2 2. Shift LAl time-series
to center LAl maximum
0 75 150 225 300

Doy

LAl [m2/m2]

200 250 300 350

3. Divide LAI time-series
in four periods

50 100

150
. dayg
on |

Linear regress

LAI [m2/m2]

n the four periods

4 4. Linear regression in
the four periods to
identify phenology types

| @
B
0

LAl [m2/m2]

s Two Peaks type Single Peak types
- 35 0.25
0s a) TGS . b) SGS-S o c) SGS-D
0.25 25 ‘
0.2 E 5 E 0.15
0.15 £ s = 0.1
0.1 ) 3 ; 3
0.05 05 0.05
0 0 0
195 270 345 60 135 30 105 180 255 330 0 75 150 225 300
boy Doy Doy

onset C D offset C O

Figure 1. Scheme of the Four-Growing-Season Type method used in evaluating onset and offset of the growing season (only not-evergreen types are

considered).

The EVG type is characterized by limited canopy density seasonal variation (e.g., Wu et al., 2014). For
this reason, as a first step, the 4GST method identifies the EVG regions based on relative changes in LAI
compared to local LAI mean value (equation (1)).

LAI,, —LAI

jf——mex T min o BYGT — EVA 1
if TAL < EVGT — EVG )

mean

A 25% relative change is used as critical threshold (EVGT, equation (1)), similarly to Myneni et al. (2007),
who highlight observed LAI oscillation in tropical forests. Other values of EVGT were tested for sensitivity
assessment, and the 25% returns a reasonable representation of EVG (not shown).
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The regions defined as not EVG follow the steps summarized in Figure 1: (1) the LAI annual time series is
extracted over every land grid cell; (2) the LAI annual time series is shifted in order to place the maximum
annual value in the center of the time series; (3) the time series is divided into four 3-month periods, each
overlapping the previous and next periods by 15 days; (4) a linear least squares regression scheme is applied
to identify LAI growth and decline, as well as timing of transition between positive and negative LAI slopes
(e.g., Zhang et al., 2003); (5) three LAI shapes are identified through LAI slopes and transition timings: (a)
two-growing-season type (TGS), and (b, c¢) single growing season types (SGS).

We use a critical threshold (CT) equal to 20% of the seasonal LAI annual variability, as defined in MT13, to
identify the onset and offset of the growing season:

CT = LAI,,, + 0.2 (LAL,, — LAIL,;,) ©)
Equation (2) is applied to the SGS types as in MT13 and to TGS type as described in Appendix A. The choice
of the 20% CT derives from a study of Kang et al. (2003), who tested a set of three possible CTs. They showed
that a 30% threshold could fall within the range of “already high LAI” with the effect of overestimating the
growing season onset. Instead, a lower threshold (i.e., 10%) could be influenced by variations in understory.

Note that the distinction between SGS-S and SGS-D depends on the LAI peak. In the NH, SGS-S is detected
when LAI peak occurs between May and September (Figure 1b), otherwise SGS-D is detected (Figure 1c).
The opposite may be noticed in the SH.

Finally, the use of a set of four 3-month linear least squares regressions avoids short-term fluctuations and
allows only long-term transitions between positive and negative LAI slopes in the identification of growing
season cycles within the LAT annual time series.

The 4GST method aims at expanding the evaluation of the growing season period in land surface models to
the global scale. This methodology is expected to perform similarly to MT13 in the regions covered by their
analysis (i.e., in the NH middle and high latitudes, namely above 30° N) and to supply useful insights else-
where. From a direct comparison, indeed, the analysis is performed on a larger area, thanks to the inclusion
of additional growing season types (Figure S1 in the supporting information).

2.5. Model Phenology Evaluation

To benchmark the simulated land surface model phenology against satellite-derived phenology, the overall
spatial distribution of (1) growing season types (section 3.1) and (2) onset and offset timings (section 3.2)
are compared. This comparison is not applied in areas dominated by EVG type and desert regions, such as
Sahara and Arabia, where phenology timings are not computed.

To better highlight differences between the model and observations, a regional analysis is performed (section
3.4). The regional separation is based on year 2000 observed PFT distribution (Land Use Harmonization
v2, http://luh.umd.edu/). The mean onset (offset) timing in each region is calculated for both CLM4.5 and
LAI3g, and then compared. Consequently, the effective area covered by each PFT-dominated region can
change between model and observation, due to the different distribution of EVG type.

3. Results

3.1. Growing Season Type Distribution

First, the 4GST method is applied to both satellite observation and CLM4.5, to compare the global spatial
distribution of the four main growing season types (i.e., [1] EVG; [2] SGS-S; [3] SGS-D; and [4] TGS, Figure 2).

The NH midlatitude and high-latitude regions are mainly dominated by the SGS-S type in both LAI3g and
CLM4.5 (Figure 2). This justifies the use of the MT13 method, which only accounts for this type, in those
areas. Instead, the Tropics and the SH do not exhibit a dominant growing season type and the agreement
between LAI3g and CLM4.5 is reduced compared to the NH (Figure 2). In general, LAI3g and CLM4.5
agree in ~53% of the land grid cells, mainly in areas dominated by SGS-S type (~62% agreement). CLM4.5
largely overstimates the EVG fraction compared to LAI3g. The low amount of EVG identified in LAI3g
can be partially linked to satellite artifacts induced by interannual variability of snowmelt in boreal regions
(e.g., Delbart et al., 2006), or of cloud cover in the Tropics (e.g., Myneni et al., 2002, 2007). On the other
hand, both in situ camera observations combined with ecosystem carbon dioxide fluxes (Wu et al., 2016)

PEANO ET AL.
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both LAI3g and CLM4.5 (agreement) are shown. Index values: (1, dark purple) evergreen; (2, green) single growing
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offset is the offset of the second growing season cycle. More details on TGS areas are reported in section 3.3. Besides, no values for onset and offset are available

in EVG regions.

and remote sensing monitoring (Guan et al., 2015) show large seasonal variance in rain forest ecosystem
photosynthesis, ultimately affecting vegetation indexes such as NDVI and LAI. Wu et al. (2016) conclude that
models tuned to match current observations while assuming that LAI have no seasonal cycle, risk making
erroneous estimation of forest response to climate conditions.

Despite the fraction of TGS grid cells is similar in CLM4.5 and LAI3g (~9% and ~8% of the total land grid
points, respectively) the agreement in TGS type regions is low (~16%).

With this first comparison, Tropics and the SH are identified as the regions with the major potential
differences between observed and modeled phenology. This bias may be linked to the higher vegetation
complexity found in these areas, compared to the large uniformity shaped of the boreal forests north of the
45° parallel.

In global-scale observations and simulations, each grid point is composed by a combination of many dif-
ferent PFTs. Consequently, areas characterized by similar biomes, such as Amazon and Congo basins
(Figure 2a), can feature different growing season types due to dissimilar PFT composition. Besides, satel-
lite data such as LAI3g encounter some problems in screening densely cloud-covered areas like in Tropics,
leading to potential artificial LAI data reconstruction (see section 4.3).

3.2. Onset and Offset Variability
The climatological (average over 1982-2011) growing season onsets and offsets simulated by CLM4.5 are
compared with LAI3g (Figure 3).

PEANO ET AL.
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In LAI3g, the growing season for most NH vegetation starts in the first half of the year (around DOY 120),
while the growing season offset takes place in the second half of the year (between DOY 240 and 300)
(Figures 3a and 3b). Both onset and offset exhibit a latitudinal distribution: the onset is progressively delayed
with increasing latitude. In fact, in the Mediterranean region the onset occurs between February and March,
while in Scandinavia and Russia it only takes place in May (Figure 3a). As expected, the growing season
offset occurs earlier in the year by moving northward: similarly, the Mediterranean offset occurs between
October and November, while in Scandinavia it comes about September (Figure 3c). This latitudinal behav-
ior indicates the strong constraint imparted by the radiation on the day length. The tropical regions and the
SH are characterized by a more complex pattern of onset and offset timings (Figures 3a and 3b), as already
highlighted by the growing season type patterns shown in Figure 2.

In general, onset and offset simulated by CLM4.5 agree with observations (difference smaller than 15 days)
only in few regions (green shading in Figures 3c and 3d), and in general, the start of growing season is better
reproduced than the offset time (onset agreement: ~35% versus offset agreement: ~28.3%).

In the NH middle and high latitudes, the agreement between CLM4.5 and LAI3g observations is high,
although a slight deferral of both growing season onset and offset (up to 1 month, in line with other meth-
ods, e.g., Anav et al., 2018) is noticeable (Figures 3c and 3d). The 15-day time resolution (see section 2.1 and
Zhu et al., 2013) limits a more detailed bias assessment between modeled and observed values.

The growing season window in NH middle- and high-latitude areas is well simulated even where the model
overestimates the mean LAI (Figure 4b), and the maximum LAI gets delayed compared to observations
(Figure 4d). Consequently, the ability to simulate onset and offset seems to be independent from the model
skill for the mean LAI and the time of maximum LAIL

Previous literature works highlighted the imperfect CLM4.5 phenology variability in drought deciduous
regions of the world (Dahlin et al., 2015), and the defective timing of spring leaf-out seasonal-deciduous
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Figure 5. Comparison between observed and simulated mean LAI time series in a set of six regions: (b) Brasilia region (52.5-62.5°W, 10.5-20.5°S);

(c) Ethiopia-South Sudan region (28-36°E, 4-12°N); (d) Spain region (1-7°W, 37.5-41.5°N); (e) Texas region (97-102°W, 28-33°N); (f) Russia region (45-55°E,
60-65°N); (g) Australia region (120-140°E, 20-30°S). Bars show the mean precipitation over the same regions (data from CRUNCEP v7; Viovy, 2018, averaged
over 15-day values). (a) The blue boxes approximately show the regions taken into account. Note that the y axis changes in each region in order to emphasize
the differences between model and observation in each specific location.

phenology (Chen et al., 2016). We expect that 4GST will highlight similar issues to those shown by Dahlin
et al. (2015) and Chen et al. (2016).

Dahlin et al. (2015) show the CLM4.5 problematic behavior in drought-deciduous areas, and they tested
their proposed improvements on a specific set of regions, namely Brasilia, Western Brazil, South Chad,
Eastern Zambia, South Ethiopia, and Darwin (Australia), dominated by drought-deciduous vegetation. The
onset and offset reproduced by 4GST are also problematic in these areas. In the Brasilia region, for example,
CLM4.5 reproduces a shorter active vegetative season compared to LAI3g, due to an earlier average offset
(CLM4.5 offset: DOY ~145, LAI3g offset: DOY ~187) and a slightly earlier onset (CLM45 onset: ~237, LAI3g
onset: DOY ~256, see Figure 3). This behavior derives from an artificial increase of LAI during the dry sea-
son (Figure 5b), which alters the LAI cycle and the proper detection of the growing season onset. A similar
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feature may be noticed in Ethiopia (Figure 5c), where an earlier onset is detected, and this behavior is in
agreement with the results of Dahlin et al. (2015). Likewise, the biases in Australia (Figure 5g) are detected
by 4GST as well as in Dahlin et al. (2015).

Similarly to Chen et al. (2016), onset and offset timings are rarely captured by CLM4.5 between 20°N and
40°N (Figure 3). In this area, the model simulates SGS-D and TGS types instead of SGS-S type shown in
LAI3g (Figure 3). Spain and Texas are two examples of this issue. In Spain, CLM4.5 LAI cycle is strongly
precipitation driven, and LAI decreases during the summer drought season (Figure 5d). Instead, LAI3g
shows a more gradual seasonal cycle with a spring LAI peak. In Texas, despite strong simulated precipi-
tation amounts, CLM4.5 displays a summer LAI low (Figure 5e), opposite to the observed summer peak.
This behavior may be related to a sharp simulated response to precipitation and temperature forcings in
those regions.

Differently from the previous studies, 4GST highlights major differences between model and observations
in the NH high-latitudes offset timing. For example, in Russia (Figure 5f), CLM4.5 growing season exhibits
a shift compared to observation. CLM4.5 LAI cycle is precipitation driven and shows a gradual decrease
during the leaf-senescence period (Figure 5f). Instead, LAI3g exhibits a fast decrease in LAI after the summer
peak. This discrepancy highlights possible issues in CLM4.5 leaf-senescence parameterization. However, it
isimportant to keep in mind that satellite observations have data reconstruction limitations in cloud-covered
(e.g., Kandasamy et al., 2013) and snow-covered (e.g., Delbart et al., 2006) areas.

3.3. Two-Growing-Season-Type Regions

Multigrowing regions have important impacts on plant phenology, but it is difficult to detect and analyze
those regions at global scale (Zhang et al., 2003). 4GST, then, addresses this phenology type by focusing
on the areas characterized by two distinct growing season cycles, which are typical of croplands and of
semiarid areas characterized by two separate rainy seasons (e.g., Martiny et al., 2006; Zhang et al., 2003,
2005). At global scale, TGS is rarely simulated correctly by the model (Figure 2). The largest amount of TGS
in observations is identified in central and Eastern Africa (Martiny et al., 2006; Zhang et al., 2005).

Figure 6 shows good agreement in TGS between CLM4.5 and LAI3g in the Horn of Africa, while Central
Africa is shown as evergreen in CLM4.5 (Figure 2). The Horn of Africa area, instead, is characterized by
two distinct precipitation peaks, which drive LAI cycle in both model and observations (Figure S2 in the
supporting information).

Here CLM4.5 correctly simulates both growing season cycles (Figure 6). In particular, CLM4.5 exhibits a
later start of the first growing season compared to observations (Figure 6¢) and an earlier offset of the second
growing season (Figure 61). The first growing season offset and second growing season onset, instead, are
well captured by CLM4.5 (Figures 6f and 6i).

In general, 4GST detects a TGS type only if each of the two growing seasons is at least 3-month long (section
2.4 and Appendix A). This assumption derives from the need to avoid short-time oscillations to be accounted
as growing seasons (section 2.4), and this choice leads to a reduced area of multigrowing season detection
compared to previous literature works, such as Dahlin et al. (2015).

3.4. PFT-Level Growing Season Variability

A straightforward regional separation for the evaluation of model biases can be based on PFTs. Different
regions are defined according to the dominant PFT used in CLM4.5, at each grid point: the global map of
year 2000 dominant PFTs is shown in Figure 7a. Since this map has been derived from observation (Land
Use Harmonization, v2, http://luh.umd.edu/), we assume that the PFT separation is also applicable to the
LAI3g database.

Onset and offset timings generally agree in model and observations, with some distinctions. CLM4.5 cap-
tures the correct onset timing in areas dominated by crop and shrubs in temperate regions and broadleaf
deciduous trees in temperate and boreal regions (C3 crop, BDS Temper, BDT Temper, and BDT Boreal, in
Figure 7b, respectively). Offset timings are well modeled in areas dominated by shrubs in boreal regions, and
by C3 grass and deciduous trees in tropical and temperate regions (BDS Boreal, C3 Grass A, C3 Grass, BDT
Temper, and BDT Tropic in Figure 7c, respectively). Temperate broadleaf deciduous tree PFT (BDT Temper
in Figure 7) is the best simulated functional type in CLM4.5, similarly to Chen et al. (2016).
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Figure 6. Comparison between LAI3g and CLM4.5 onset and offset detected for the TGS areas of Central Africa. The first row (panels a—c) shows the onset
timing of the first growing season, while the second row (panels d-f) exhibits the offset of the same growing season. The third (panels g-i) and fourth rows
(panels j-1) show onset and offset of the second growing season, respectively. The first column shows the values for LAI3g, the CLM4.5 values are reported in
the second column, while the third column shows the difference between CLM4.5 and LAI3g.
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Figure 7. (a) Global distribution of the year 2000 dominant plant functional type (PFT) as defined in CLM4.5. Comparison in (b) onset and (c) offset timings
between LAI3g and CLM4.5 for each PFT. NET = Needleleaf Evergreen Tree; NDT = Needleleaf Deciduous Tree; BET = Broadleaf Evergreen Tree;

BDT = Broadleaf Deciduous Tree; BES = Broadleaf Evergreen Shrub; BDS = Broadleaf deciduous Shrub; C3 Grass A = C3 Grass Arctic. Note that the onset in
the TGS regions corresponds to the onset of the first growing season cycle, while the offset is the offset of the second growing season cycle. More details on TGS

areas are reported in section 3.3.

The simplified crops (dark orange bars in Figures 7b and 7c) are correctly simulated, especially in the
onset timing, and to the best of our knowledge, this is the first time that such quality is enlightened, since

crop-dominated areas have been rarely taken into account in this sort of assessments.

In tropical broadleaf evergreen trees (BET Tropic in Figure 7), CLM4.5 onset and offset are reversed, likely
due to either different PFT composition between model and observations or to satellite data difficulties in
area dominated by high LAI values and with frequent cloud cover (e.g., Kandasamy et al., 2013; Maignan
et al., 2011; Myneni et al., 2002). This is evident in Central Africa, where CLM4.5 shows an evergreen type
in place of a TGS growing season (Figures 2 and 6). Finally, the model tends to delay the vegetation onset
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BES = Broadleaf Evergreen Shrub; BDS = Broadleaf deciduous Shrub; C3 Grass A = C3 Grass Arctic.

for the PFTs growing in the NH middle and high latitudes, as described in Chen et al. (2016). The offset is
anticipated for the needleleaf evergreen trees (NET Boreal and NET Temper in Figure 7c) and delayed for
deciduous boreal forests and broadleaf evergreen trees in temperate regions (NDT Boreal, BDT Boreal, and
BET Temper in Figure 7c, respectively).

3.5. Long-Term Trend and Interannual Variability
The 4GST method has the potential to be applied to different time windows and capture the interannual vari-
ability of growing season onset and offset. The annual time window provides some preliminary information
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Table 1
Long-Term Trend for LAI3g and CLM4.5, and Spearman'’s Correlation Coefficient (p)
Between Simulated and Observed Interannual Variability in the Set of PFT-Dominated

Regions (Figure 7a)
Onset Offset
LAI3g CLM4.5 LAI3g CLM4.5

PFT trend trend p trend trend p
NET temper —-0.25 — 0.42 0.46 —0.32 —
NET boreal — — 0.60 0.14 — —
NDT boreal — —-0.15 0.88 —-0.12 0.08 —
BET tropic — — — — — —
BET temper — — — — — —
BDT tropic 1.16 0.65 — 0.68 — —
BDT temper — — — 0.28 — —
BDT boreal — — — 0.39 0.19 —
BES temper — — — — — —
BDS temper — 0.73 — 0.54 — —
BDS boreal 0.16 — — —-0.33 0.20 0.32
C3 grass A — — 0.50 0 0 0.54
C3 grass — — — — -0.32 —
C4 grass — — 0.35 — —0.17 —
C3 crop — — 0.47 —0.17 —0.29 —

Note. Values above the 95% significance level are reported in this table. Further details
on correlation and significance test are reported in Appendix B.

on the skill of CLM4.5 to represent interannual variability. In this section, the phenology interannual
variability is analyzed using the PFT distinction (Figure 7a) applied in section 3.4, as shown in Figure 8.

To evaluate the long-term trends in onset and offset, a linear least squares regression scheme is applied. The
significance of these trends is evaluated at 95% level by means of a Monte Carlo method (see Appendix B).
CLM4.5 simulates a significant extension of the growing season in middle to high latitudes, due to delayed
offset, in agreement with LAI3g (Table 1 and, e.g., Figures 8h-80). Both the model and observations see a
long-term onset delay in part of the Tropics (Table 1 and Figure 8f). Onset and offset trends in a few PFTs are
incorrectly simulated, for example, needleleaf trees in boreal and temperate regions and part of the tundra
vegetation (Figures 8a, 8c, and 8k). Finally, no significant trend in broadleaf evergreen trees is found in both
CLM4.5 and LAI3g (Figures 8d and 8e).

In general, onset interannual variability is better modeled than the offset one (Table 1). In particular, high
correlation is obtained in boreal needleleaf forests. Arctic C3 grass is the only PFT showing significant
correlation between CLM4.5 and LAI3g in both onset and offset interannual variability (Table 1).

4. Discussion

4.1. Methodology

The +5K simulation was performed to test the 4GST method under extreme conditions. As expected, the
largest changes in onset and offset timings occur in the boreal and temperate areas, where temperature acts
as plant growth limiting factor (Figure S3). In particular, the temperate and boreal needleleaf forests respond
to increased soil temperature with a longer growing season characterized by both earlier onset (~40 days,
Figure S3b) and later offset (~40 days, Figure S3c). Temperate and boreal deciduous forests, as well as boreal
shrubs and Arctic C3 grass also exhibit longer growing season, only induced by earlier onset (~30, ~40,
and ~60 days, respectively; Figure S3b). It is important to notice that, at high latitude, daylight is a strong
limiting factor, then the effect of increased temperature is partly neutralized by daylight availability.

A more complete climate sensitivity study is out of the scope of the present work and will be addressed in a
future work.
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4.2. CLM4.5 Limitations

The above results showed that onset and offset simulated by CLM4.5 agree with observations in few regions
(green shading in Figures 3c and 3d), while most areas are shifted by 15/30 days compared to LAI3g. Given
the coarse 15-day time window available for observations, this result can be considered satisfactory and
in-line with previous literature (e.g., Anav et al., 2018). The largest differences are found in regions where
water and soil moisture are the main phenological drivers, which are remarkable in deciduous forests (see
Figure 7). Hence, deciduous type parameterization still shows some biases (see section 2.2). 4GST highlights
also the problematic CLM4.5 representation of the two-growing-season type due to unrealistic response of
plant phenology to soil temperature and soil moisture, and to inaccurate PFT compositions. Further work
is required to upgrade the CLM4.5 phenology parameterization: a few parameters should be tuned accord-
ing to regional and geographical features, in particular thresholds related to links between phenology and
water availability, whose smoothing should improve the response of vegetation to precipitation. Refinement
of plant response time to water and temperature stresses could enhance the representation of growing sea-
son type in CLM4.5, as well. Besides, further exploration about the impact of PFT composition on plant
phenology should be carried on in order to determine areas with wrong PFT classification. In this direc-
tion, a new version of the Community Land Model, namely CLM5.0, has been recently released. This new
model version presents changes in plant physiology and crop modeling compared to the CLM4.5, which
could alter the results we obtained for phenology. Nevertheless, CLM5.0 shares with CLM4.5 the main phe-
nology assumptions and algorithms but includes the changes proposed by Dahlin et al. (2015). The new
parameterization constrains leaf growth to rainfall in semiarid regions, avoiding possible unrealistic leaf
flush during the dry season (Figures 5b and 5c). However, the recent work by Zhang et al. (2019) have also
shown that the changes proposed by Dahlin et al. (2015) influence leaf senescence in temperate grassland,
leading to a delayed growing season offset. This finding highlights the complexity needed for realistic and
comprehensive phenology parameterization.

The water distribution in the land surface model derives from the atmospheric precipitation pattern used to
force CLM4.5. A corrected reanalysis, specifically CRUNCEP v7 (Viovy, 2018), is here used to force CLM4.5.
Although CRUNCETP is a hybrid data set which combines observations from the CRU TS3.2 (Harris et al.,
2014) and the National Centers for Environmental Prediction reanalysis (Kalnay et al., 1996), precipitation
is still critical, and biases to direct observations are still remarkable (e.g., Bosilovich et al., 2008; Gehne et
al., 2016; Tang et al., 2017). Consequently, the model misrepresentation of the observed phenology behavior
can be partly ascribed to biases in the reanalysis fields used as forcing.

4.3. Satellite Observation Limitations

Here, LAI satellite observation is used to validate the CLM4.5 performance. It is important to take into
account that, in satellite data sets, the reflectance saturates in regions characterized by dense canopies (e.g.,
Maignan et al., 2011; Myneni et al., 2002). Consequently, vegetation indexes such as LAI and NDVI can be
artificially limited to a threshold value: Myneni et al. (2002), for example, suggest LAI = 7.0 m?/m? as the
upper limit, although higher values are generally possible. For this reason, areas dominated by elevated LAI
can be underestimated in observation.

Many vegetation indexes have been developed in order to overcome some of these optical limitations, such
as the SAVI, the atmospherically resistant vegetation index (ARVI), or the global environmental monitor-
ing index (GEMI) (e.g., Huete et al., 1994). However, these indexes are mainly related to changes in leaves
color and cannot be applied in the formulation of 4GST, which operates on changes in canopy density
(see section 4.4).

Other caveats in LAI satellite observation may also affect our analysis. Cloud cover gap-filling technique and
LAI reconstruction algorithm (e.g., Chen et al., 2017; Kandasamy et al., 2013) can impact the observational
data set used. For example, Chen et al. (2017) show that the use of a novel atmospheric correction algorithm
(multi-angle implementation of atmospheric correction) could lead to a quality improvement of LAI data.
Kandasamy et al. (2013) display the abilities and limits of eight methods used in filling gaps in satellite data
and state that the performance of these different methods depends on their implementation. In situ data,
such as the PhenoCam network (Richardson et al., 2018), may be more reliable for model validation, yet
global coverage of these data is missing.
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Another limitation of LAI3g is the 15-day time resolution. This value can be acceptable for a satellite global
product, but higher time resolution would be needed for deeper ecological and phenological considerations,
as further discussed in section 4.5.

4.4. Plant Phenology Definition

Vegetation phenology can be assessed by taking into account many plant features and indexes. As described,
4GST is driven by changes in leaf biomass, but other indexes, such as NDVI, SAVI, ARVI, and GEMI, may
be selected as a proxy for plant phenology (e.g., Churkina et al., 2005; Huete et al., 1994; Jeong et al., 2011;
Keenan et al., 2014; Sonnentag et al., 2012; Xu et al., 2013; Zhang et al., 2003). The choice of LAI is probably
more robust for the definition of growing season onset and offset, since the presence of leaves is a physical
parameter. Wu et al. (2014) show that many vegetation indexes are able to capture the plant phenology
stages, but each vegetation index has a different predictive strength depending on sites and plant functional
types. For this reason, it can be of interest for the community comparing our approach to others that assess
the phenology states throughout different vegetation indexes, and this will be a focus of a future work.

4.5. Interannual Variability

Phenology interannual variability has been shown to have an influence on land-climate interactions
(e.g., Keenan et al., 2014; Richardson et al., 2013). Keenan et al. (2014) reported a negative feedback in
temperature-phenology-carbon coupling triggered by the observed increase in the phenology active season.
Despite this, Keenan et al. (2012) and Richardson et al. (2012) show that state-of-the-art land surface models
are currently unable to reproduce the observed land interannual variability and could, then, misrepresent
the future responses of phenology to climate change. Therefore, improving the land surface model ability
in capturing phenology interannual variability is fundamental.

Observations show changes in growing season onset and offset between 5 and 8 days/decade (e.g., Keenan
et al., 2014), and high time resolution data (at least weekly data, Ahl et al., 2006) are required to prop-
erly assess the interannual variability of growing season onset and offset. The 4GST method, then, needs to
be applied to observed and simulated data at higher time resolution than the 15-day time range available
for LAI3g, such as the in situ PhenoCam network (Richardson et al., 2018) or the high-frequency Moder-
ate Resolution Imaging Spectroradiometer data (Myneni et al., 2015). This analysis will be performed in a
future study.

5. Conclusion

This work describes a new methodology that aims at defining and identifying a wider range of vegetation
growing season types and at validating the plant phenology simulated by global land surface models. The
so-called 4GST method has worldwide relevance, featuring the SH vegetation, which was partly neglected
by previous literature, and better representing the phenological characteristics of many regions lying in the
NH middle and high latitudes. The new set of growing season modes includes (1) evergreen phenology;
(2) single growing season with summer LAI peak; (3) single growing season with summer dormancy; and
(4) two growing seasons.

Applied to a state-of-the-art land surface model (i.e., CLM4.5) and to a satellite observation data set (i.e.,
LAI3g), 4GST highlights model skills and limitations in the representation of observed vegetation phenology.
CLM4.5 is able to satisfactorily reproduce the observed growing season onset and offset in the NH midlati-
tude and high-latitude regions. CLM4.5 generally captures the growing season onset more realistically than
the offset. In addition, 4GST highlights the main limitations exhibited by the model, which are primarily
found in areas where water acts as the main phenological driver, such as in areas dominated by broadleaf
deciduous trees. In this regard, the novel 4GST method is coherent with the literature benchmark and with
its antecedent method. Differently from previous literature works, 4GST assesses the ability of land surface
models to reproduce multigrowing season phenology. CLM4.5 captures the double growing season of the
Horn of Africa vegetation, while it fails in other regions characterized by TGS type. This finding highlights
the need to further test the PFT distribution used in CLM4.5.

Besides the global scale applicability, this approach can be used for analyzing the phenology time evolu-
tion and interannual variability. CLM4.5 shows a rather good correlation with the observed growing season
onset in temperate and boreal forests, with the offset in Arctic C3 grass. However, higher time resolution
observations would be required to properly investigate the LAI interannual variability.
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Finally, this work shows that the model ability to simulate the growing season onset and offset is inde-
pendent from its skill in the representation of mean LAI and maximum LAI timings. This emphasizes the
importance of surveying phenology also in regions where land surface models exhibit low skill in the simu-
lation of canopy density. Despite a poor representation of the mean LAI magnitude, CLM4.5 is still able to
provide a realistic picture of the active vegetative season in many regions, especially in NH middle and high
latitudes.

Appendix A: TGS-Type Methodology

Due to the 365 day framework, in which the LAI peak is imposed to be in the center of the time series,
TGS may be detected in two ways: (a) two growing cycles are entirely distinguished within the time series
(Figure Ala); (b) in addition to a central growing cycle, a second one is split between the beginning and the
end of the time series (Figure A1b). In case (a), equation (2) is applied to both growing cycles separately. In
case (b), the peaks at the beginning and the end of the time series are merged into one single peak, to obtain
a second growing cycle in addition to the one shown in the center of the time series (Figure Alb). Then,
equation (2) is applied to both growing cycles separately.

Appendix B: Statistical Analysis Methodology

The Monte Carlo method is a nonparametric test. It is based on resampling the observations in order to
construct a set of artificial data sets. Here, 1,000 realizations, obtained by randomly shuffling the original
30-year time series, are used. A random observed trend, then, works as null hypothesis in the Monte Carlo
test. Therefore, the null hypothesis is rejected, and then the trend considered significant, when the observed
linear least squares regression lies in the top 95% of the thousand-random-sampled trends distribution. The
same Monte Carlo method is used for testing the significance of the Spearman's correlation coefficient.

The Spearman's correlation coefficient evaluates the linear correlation between the LAI3g onset (offset) time
series and the CLM4.5 onset (offset) time series:

_ Cov(L,0)
’= 0.0¢c

(B1)

where Cov(L,C) is the covariance between the LAI3g onset (offset) time series and the CLM4.5 onset (offset)
time series; o, is the LAI3g onset (offset) time series standard deviation; similarly, o is the CLM4.5 onset
(offset) standard deviation.

References

Ahl, D. E., Gower, S. T., Burrows, S. N., Shabanov, N. V,, Myneni, R. B., & Knyazikhin, Y. (2006). Monitoring spring canopy phenology of
a deciduous broadleaf forest using MODIS. Remote Sensing of Environment, 104, 88-95. https://doi.org/10.1016/j.rse.2006.05.003

Anav, A., Friedlingstein, P., Kidston, M., Bopp, L., Ciais, P., Cox, P., et al. (2013). Evaluating the land and ocean components of the global
carbon cycle in the CMIPS earth system models. Journal of Climate, 26, 6801-6843. https://doi.org/10.1175/JCLI-D-12-00417.1

Anav, A., Liu, Q., de marco, A., Proietti, C., Savi, F., Paoletti, E., & Piao, S. (2018). The role of plant phenology in stomatal ozone flux
modeling. Global Change Biology, 24, 235-248. https://doi.org/10.1111/gcb.13823

PEANO ET AL.

17


https://doi.org/10.1016/j.rse.2006.05.003
https://doi.org/10.1175/JCLI-D-12-00417.1
https://doi.org/10.1111/gcb.13823
http://sites.bu.edu/cliveg/datacodes/
http://sites.bu.edu/cliveg/datacodes/
https://rda.ucar.edu/datasets/ds314.3/
https://rda.ucar.edu/datasets/ds314.3/
http://www.ceda.ac.uk/
http://www.ceda.ac.uk/
https://github.com/CMCC-Foundation/4GST.git
https://github.com/CMCC-Foundation/4GST.git

~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2018JG004881

Anav, A., Murray-Tortarolo, G., Friedlingstein, P, Sitch, S., Piao, S., & Zhu, Z. (2013). Evaluating of land surface models in reproducing
satellite derived leaf area index over the high-latitude Northern Hemisphere, Part II: Earth system models. Remote Sensing, 5, 3637-3661.
https://doi.org/10.3390/rs5083637

Bosilovich, M. G., Chen, J., Robertson, F. R., & Adler, R. F. (2008). Evaluation of global precipitation in reanalyses. Journal of Applied
Meteorology and Climatology, 47, 2279-2299. https://doi.org/10.1175/2008JAMC1921.1

Buermann, W., Dong, J., Zeng, X., Myneni, R. B., & Dickinson, R. E. (2001). Evaluation of the utility of satellite-based vegetation leaf area
index data for climate simulations. Journal of Climate, 14, 3536-3550.

Chen, C., Knyazikhin, Y., Park, T, Yan, K., Lyapustin, A., Wang, Y., et al. (2017). Prototyping of LAI and FPAR Retrievals from MODIS
multi-angle implementation of atmospheric correction (MAIAC) data. Remote Sensing, 9, 370. https://doi.org/10.3390/rs9040370

Chen, M., Melaas, E. K., Gray, J. M., Friedl, M. A., & Richardson, A. D. (2016). A new seasonal-deciduous spring phenology submodel
in the Community Land Model 4.5: Impacts on carbon and water cycling under future climate scenarios. Global Change Biology, 22,
3675-3688. https://doi.org/10.1111/gcb.13326

Cherchi, A., Fogli, P. G., Lovato, T., Peano, D., Iovino, D., Gualdi, S., et al. (2019). Global mean climate and main patterns of variability in
the CMCC-CM2 coupled model. Journal of Advances in Modeling Earth Systems, 11, 185-209. https://doi.org/10.1029/2018MS001369

Churkina, G., Schimel, D., Braswell, B. H., & Xiao, X. (2005). Spatial analysis of growing season length control over net ecosystem exchange.
Global Change Biology, 11, 1777-1787. https://doi.org/10.1111/j.1365-2486.2005.01012.x

Collalti, A., Marconi, S., Ibrom, A., Trotta, C., Anav, A., D'Andrea, E., et al. (2016). Validation of 3D-CMCC Forest Ecosystem Model
(v.5.1) against eddy covariance data for 10 European forest sites. Geoscientific Model Development, 9(2), 479-504. https://doi.org/10.5194/
gmd-9-479-2016

Collalti, A., Trotta, C., Keenan, T. F., Ibrom, A., Bond-Lamberty, B., Grote, R., et al. (2018). Thinning can reduce losses in carbon use
efficiency and carbon stocks in managed forests under warmer climate. Journal of Advances in Modeling Earth Systems, 10, 2427-2452.
https://doi.org/10.1029/2018MS001275

Dahlin, K. M., Fischer, R. A., & Lawrence, P. J. (2015). Environmental drivers of drought deciduous phenology in the Community Land
Model. Biogeosciences, 12, 5061-5074. https://doi.org/10.5194/bg-12-5061-2015

Delbart, N., Le Toan, T., Kergoat, L., & Fedotova, V. (2006). Remote sensing of spring phenology in boreal regions: A free of snow-effect
method using NOAA-AVHRR and SPOT-VGT data (1982-2004). Remote Sensing of Environment, 101, 52-62. https://doi.org/10.1016/j.
1s€.2005.11.012

Drewniak, B., Song, J., Prell, J., Kotamarthi, V. R., & Jacob, R. (2013). Modeling agriculture in the Community Land model. Geoscientific
Model Development, 6, 495-515. https://doi.org/10.5194/gmd- 6-495-2013

Gehne, M., Hamill, T. M., Kiladis, G. N., & Trenberth, K. E. (2016). Comparison of global precipitation estimates across a range of temporal
and spatial scales. Journal of Climate, 29, 7773-7795. https://doi.org/10.1175/JCLI-D-15-0618.1

Goll, D. S., Brovkin, V., Parida, B. R., Reick, C. H., Kattge, J., Reich, P. B, et al. (2012). Nutrient limitation reduces land carbon uptake in
simulations with a model of combined carbon, nitrogen and phosphorus cycling. Biogeosciences, 9, 3547-3569. https://doi.org/10.5194/
bg-9-3547-2012

Guan, K., Pan, M., Li, H., Wolf, A., Wu, J., Medvigy, D., et al. (2015). Photosynthetic seasonality of global tropical forests constrained by
hydroclimate, Nature Geoscience, 8, 284-289. https://doi.org/10.1038/nge02382

Harris, I, Jones, P. D., Osborn, T.J., & Lister, D. H. (2014). Updated high-resolution grids of monthly climatic observations-The CRU TS3.10
dataset. International Journal of Climatology, 34, 623-642. https://doi.org/10.1002/joc.3711

Huete, A. R. (1988). A soil-adjusted vegetation index (SAVI). Remote Sensing of Environment, 25, 295-309.

Huete, A. R., Justice, C., & Liu, H. (1994). Development of vegetation and soil indices for MODIS-EOS. Remote Sensing of Environment, 49,
224-234.

Jeong, S.-J., Ho, C.-H., Gim, H.-J., & Brown, M. E. (2011). Phenology shifts at start vs end of growing season in temperate vegetation over
the Northern Hemisphere for the period 1982-2008. Global Change Biology, 17, 2385-2399. https://doi.org/10.1111/j.1365-2486.2011.
02397.x

Jones, P. W. (1999). First and second order conservative remapping schemes for grids in spherical coordinates. Monthly Weather Review,
127, 2204-2210.

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., et al. (1996). The NCEP/NCAR 40-year reanalysis project.
Bulletin of the American Meteorological Society, 77, 437-470.

Kandasamy, S., Baret, F., Verger, A., Neveux, P., & Weiss, M. (2013). A comparison of methods for smoothing and gap filling time
series of remote sensing observations-Application to MODIS LAI products. Biogeosciences, 10, 4055-4071. https://doi.org/10.5194/
bg-10-4055-2013

Kang, S., Running, S. W., Lim, J.-H., Zhao, M., Park, C.-R., & Loehman, R. (2003). A regional phenology model for detecting onset of
greenness in temperate mixed forests, Korea: An application of MODIS leaf area index. Remote Sensing of Environment, 86, 232-242.
https://doi.org/10.1016/S0034-4257(03)00103-2

Keenan, T., Baker, L., Barr, A., Ciais, P.,, Davis, K., Dietze, M., et al. (2012). Terrestrial biosphere model performance for inter-annual
variability of land-atmosphere CO,, exchange. Global Change Biology, 18,1971-1987. https://doi.org/10.1111/j.1365-2486.2012.02678.x

Keenan, T. F., Gray, J., Friedl, M. A., Toomey, M., Bohrer, G., Hollinger, D. Y., et al. (2014). Net carbon uptake has increased through
warming-induced changes in temperate forest phenology. Nature Climate Change, 4, 598-604. https://doi.org/10.1038/NCLIMATE2253

Koven, C. D., Riley, W. J., Subin, Z. M., Tang, J. Y., Torn, M. S., Collins, W. D., et al. (2013). The effect of vertically resolved soil bio-
geochemistry and alternate soil C and N models on C dynamics of CLM4. Biogeosciences, 10, 7109-7131. https://doi.org/10.5194/
bg-10-7109-2013

Lawrence, D. M., Fisher, R. A., Koven, C. D., Oleson, K. W., Swenson, S. C., Bonan, G., et al. (2018). Technical description of version 5.0 of
the Community Land Model (CLM) (Tech. Rep. Ncar Technical Note NCAR). Boulder, CO: National Center for Atmospheric Research.

Lawrence, D. M., Oleson, K. W., Flanner, M. G., Fletcher, C. G., Lawrence, P. J., Levis, S., et al. (2011). The CCSM4 land
simulation, 1850-2005: Assessment of surface climate and new capabilities. Journal of Climate, 25, 2240-2260. https://doi.org/10.1175/
JCLI-D-11-00103.1

Maignan, F., Bréon, F.-M., Chevallier, F., Viovy, N., Ciais, P., Garrec, C., et al. (2011). Evaluation of a global vegetation model using time
series of satellite vegetation indices. Geoscientific Model Development, 4, 1103-1114. https://doi.org/10.5194/gmd-4-1103-2011

Martiny, N., Camberlin, P., Richard, Y., & Philippon, N. (2006). Compared regimes of NDVI and rainfall in semi-arid regions of Africa.
International Journal of Remote Sensing, 27, 5201-5223. https://doi.org/10.1080/01431160600567787

Murray-Tortarolo, G., Anav, A., Friedlingstein, P., Sitch, S., Piao, S., Zhu, Z., et al. (2013). Evaluation of land surface models in reproducing
satellite-derived LAI, over the high-latitude Northern Hemisphere. part I: Uncoupled DGVMs. Remote Sensing, 5, 4819-4838. https://
doi.org/10.3390/rs5104819

PEANO ET AL.

18


https://doi.org/10.3390/rs5083637
https://doi.org/10.1175/2008JAMC1921.1
https://doi.org/10.3390/rs9040370
https://doi.org/10.1111/gcb.13326
https://doi.org/10.1029/2018MS001369
https://doi.org/10.1111/j.1365-2486.2005.01012.x
https://doi.org/10.5194/gmd-9-479-2016
https://doi.org/10.5194/gmd-9-479-2016
https://doi.org/10.1029/2018MS001275
https://doi.org/10.5194/bg-12-5061-2015
https://doi.org/10.1016/j.rse.2005.11.012
https://doi.org/10.1016/j.rse.2005.11.012
https://doi.org/10.5194/gmd-6-495-2013
https://doi.org/10.1175/JCLI-D-15-0618.1
https://doi.org/10.5194/bg-9-3547-2012
https://doi.org/10.5194/bg-9-3547-2012
https://doi.org/10.1038/ngeo2382
https://doi.org/10.1002/joc.3711
https://doi.org/10.1111/j.1365-2486.2011.02397.x
https://doi.org/10.1111/j.1365-2486.2011.02397.x
https://doi.org/10.5194/bg-10-4055-2013
https://doi.org/10.5194/bg-10-4055-2013
https://doi.org/10.1016/S0034-4257(03)00103-2
https://doi.org/10.1111/j.1365-2486.2012.02678.x
https://doi.org/10.1038/NCLIMATE2253
https://doi.org/10.5194/bg-10-7109-2013
https://doi.org/10.5194/bg-10-7109-2013
https://doi.org/10.1175/JCLI-D-11-00103.1
https://doi.org/10.1175/JCLI-D-11-00103.1
https://doi.org/10.5194/gmd-4-1103-2011
https://doi.org/10.1080/01431160600567787
https://doi.org/10.3390/rs5104819
https://doi.org/10.3390/rs5104819

~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2018JG004881

Myneni, R. B., Hoffman, S., Knyazikhin, Y., Privette, J. L., Glassy, J., Tian, Y., et al. (2002). Global products of vegetation leaf area and
fraction absorbed PAR, from year one of MODIS data. Remote Sensing of Environment, 83, 214-231.

Myneni, R., Knyazikhin, Y., & Park, T. (2015). MCD15A3H—MODIS/Terra+Aqua Leaf Area Index/FPAR 4-day L4 Global 500 m SIN grid
V006. NASA EOSDIS Land Processes DAAC. https://doi.org/10.5067/MODIS/MCD15A3H.006

Myneni, R. B,, Yang, W., Nemani, R. R., Huete, A. R, Dickinson, R. E., Knyazikhin, Y., et al. (2007). Large seasonal swings in leaf area of
Amazon rainforests. Proceedings of the National Academy of Sciences, 12, 4820-4823. https://doi.org/10.1073/pnas.0611338104

Oleson, K. W., Lawrence, D., Bonan, G., Drewniak, B., Huang, M., Koven, C., et al.Subin, Z., Swenson, S., Thornton, P., Bozbiyik, A., Fisher,
R., Headl, C., Kluzek, E., Lamarque, J.-F., Lawrence, P., Leung, R., Lipscomb, W., Muszala, S., Ricciuto, D., Sacks, W., Sun, Y., Tang,
J., & Yang, Z.-L. (2013). Technical description of Version 4.5 of the Community Land Model (CLM) (Tech. Rep. Ncar Technical Note
NCAR/TN-503+STR). Boulder, CO: National Center for Atmospheric Research. https://doi.org/10.5065/D6RR1W7M

Piao, S., Friedlingstein, P., Ciais, P., Viovy, N., & Demarty, J. (2007). Growing season extension and its impact on terrestrial carbon cycle in
the Northern Hemisphere over the past 2 decades. Global Biogeochemical Cycles, 21, GB3018. https://doi.org/10.1029/2006GB002888

Randerson, J. T., Hoffman, F. M., Thornton, P. E., Mahowald, N. M., Lindsay, K., Lee, Y.-H., et al. (2009). Systematic assessment of terrestrial
biogeochemistry in coupled climate-carbon models. Global Change Biology, 15, 2462-2484. https://doi.org/10.1111/j.1365-2486.2009.
01912.x

Richardson, A. D., Anderson, R. S., Arain, M. A., Barr, A. G., Bohrer, G., Chen, G, et al. (2012). Terrestrial biosphere models need better
representation of vegetation phenology: results from the North American carbon program site synthesis. Global Change Biology, 18,
566-584. https://doi.org/10.1111/j.1365-2486.2011.02562.X

Richardson, A. D., Hufkens, K., Milliman, T., Aubrecht, D. M., Chen, M., Gray, J. M., et al. (2018). Tracking vegetation phenology across
diverse North American biomes using PhenoCam imagery. Scientific Data, 5, 180028. https://doi.org/10.1038/sdata.2018.28

Richardson, A. D., Keenan, T. F., Migliavacca, M., Ryu, Y., Sonnentag, O., & Toomey, M. (2013). Climate change, phenology, and
phenological control of vegetation feedbacks to the climate system. Agricultural and Forest Meteorology, 169, 156-173. https://doi.org/
10.1016/j.agrformet.2012.09.012

Sonnentag, O., Hufkens, K., teshera-sterne, C., Young, A. M., Friedl, M., Braswell, B. H., et al. (2012). Digital repeat photography for
phenological research in forest ecosystems. Agricultural and Forest Meteorology, 152, 159-177. https://doi.org/10.1016/j.agrformet.2011.
09.009

Tang, D., Ma, C., Wang, Y., & Xu, X. (2017). Multiscale evaluation of NCEP and CRUNCEP data sets at 90 large U.S. cities. Journal of
Geophysical Research: Atmospheres, 122, 7433-7444. https://doi.org/10.1002/2016JD026165

Thornton, P. E., Law, B. E., Gholz, H. L., Clark, K. L., Falge, E., Ellsworth, D. S., et al. (2002). Modeling and measuring the effects of
disturbance history and climate on carbon and water budgets in evergreen needleleaf forest. Agricultural and Forest Meteorology, 113,
185-222.

Viovy, N. (2018). CRUNCEP Version 7—Atmospheric forcing data for the community land model. http://rda.ucar.edu/datasets/ds314.3/,
Research Data Archive at the National Center for Atmospheric Research, Computational and Information Systems Laboratory, Boulder,
Colo., Accessed, 15 July 2016.

Volaire, F., & Norton, M. (2006). Summer dormancy in prerennial temperate grasses. Annals of Botany, 98, 927-933. https://doi.org/10.
1093/aob/mcl195

White, M. A., Thornton, P. E., & Running, S. W. (1997). A continental phenology model for monitoring vegetation responses to interannual
climatic variability. Global Biogeochemical Cycles, 11, 217-234.

Wu, J., Albert, L. P., Lopes, A. P., Restrepo-Coupe, N., Hayek, M., Wiedemann, K. T., et al. (2016). Leaf development and demography
explain photosynthetic seasonality in Amazon evergreen forests. Science, 351, 972-976. https://doi.org/10.1126/science.aad 5068

Wu, C., Gonsamo, A., Gough, C. M., Chen, J. M., & Xu, S. (2014). Modeling growing season phenology in North American forests using
seasonal mean vegetation indices from MODIS. Remote Sensing of Environment, 147, 79-88. https://doi.org/10.1016/j.rse.2014.03.001

Xu, L., Myneni, R. B., Chapin, F. S. I1I, Callaghan, T. V., Pinzon, J. E., Tucker, C. J., et al. (2013). Temperature and vegetation seasonality
diminishment over northern lands. Nature Climate Change, 3, 581-586. https://doi.org/10.1038/NCLIMATE1836

Zaehle, S., & Friend, A. D. (2010). Carbon and nitrogen cycle dynamics in the O-CN land surface model: 1. Model description, site-scale
evaluation, and sensitivity to parameter estimates. Global Biogeochemical Cycles, 24, GB1005. https://doi.org/10.1029/2009GB003521

Zhang, X., Friedl, M. A, Schaaf, C. B., & Strahler, A. H. (2005). Monitoring the response of vegetation phenology to precipitation in Africa
by coupling MODIS and TRMM instruments. Journal of Geophysical Research, 110, D12103. https://doi.org/10.1029/2004JD005263

Zhang, X., Friedl, M. A., Schaaf, C. B., Strahler, A. H., Hodges, J. C. F., Gao, F., et al. (2003). Monitoring vegetation phenology using MODIS.
Remote sensing of Environment, 84, 471-475.

Zhang, L., Lei, H., Shen, H., Cong, Z., Yang, D., & Liu, T. (2019). Evaluating the representation of vegetation phenology in the
Community Land Model 4.5 in a temperate grassland. Journal of Geophysical Research: Biogeosciences, 124, 187-210. https://doi.org/10.
1029/20181G004866

Zhu, Z., Bi, J., Pan, Y., Ganguly, S., Anav, A., Xu, L., et al. (2013). Global data sets of vegetation Leaf Area Index (LAI)3g and Fraction of
Photosynthetically Active Radiation (FAPAR)3g derived from Global Inventory Modeling and Mapping Studies (GIMMS) Normalized
Difference Vegetation Index (NDVI3g) for the period 1981 to 2011. Remote Sensing, 5, 927-948. https://doi.org/10.3390/rs5020927

PEANO ET AL.

19


https://doi.org/10.5067/MODIS/MCD15A3H.006
https://doi.org/10.1073/pnas.0611338104
https://doi.org/10.5065/D6RR1W7M
https://doi.org/10.1029/2006GB002888
https://doi.org/10.1111/j.1365-2486.2009.01912.x
https://doi.org/10.1111/j.1365-2486.2009.01912.x
https://doi.org/10.1111/j.1365-2486.2011.02562.x
https://doi.org/10.1038/sdata.2018.28
https://doi.org/10.1016/j.agrformet.2012.09.012
https://doi.org/10.1016/j.agrformet.2012.09.012
https://doi.org/10.1016/j.agrformet.2011.09.009
https://doi.org/10.1016/j.agrformet.2011.09.009
https://doi.org/10.1002/2016JD026165
http://rda.ucar.edu/datasets/ds314.3/
https://doi.org/10.1093/aob/mcl195
https://doi.org/10.1093/aob/mcl195
https://doi.org/10.1126/science.aad5068
https://doi.org/10.1016/j.rse.2014.03.001
https://doi.org/10.1038/NCLIMATE1836
https://doi.org/10.1029/2009GB003521
https://doi.org/10.1029/2004JD005263
https://doi.org/10.1029/2018JG004866
https://doi.org/10.1029/2018JG004866
https://doi.org/10.3390/rs5020927

	Abstract


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


