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Abstract

Accurate simulation of plant phenology is important in Earth system models as phenology modulates land-atmosphere coupling
and the carbon cycle. Evaluations based on grid-cell average leaf area index (LAI) can be misleading because multiple plant
functional types (PFT) may be present in one model grid cell and PFTs with different phenology schemes have different LAI
seasonal cycles. Here we examined PFT-specific LAI amplitudes and seasonal cycles in the Community Land Model versions
5.0 and 4.5 (CLM5.0 and CLM4.5) and their relationship with the onset of growing season triggers in the Northern Hemisphere.
LATI seasonal cycle and spring onset in CLM show the best agreement with MODIS for temperature-dominated deciduous PFTs.
Although the agreement in LAT amplitude between CLM5.0 and MODIS is better than CLM4.5, the agreement in seasonal cycles
is worse in CLM5.0. CLM5.0 also simulates higher soil moisture and shows lower influences of soil moisture on LAI amplitudes
and seasonal cycles. While productivity depends on the environmental factors to which the plant is exposed during any given
growing season, differences in phenology sensitivity to its environment necessitate a decoupling between the seasonality of LAI
and GPP, which in turn could lead to biases in the carbon cycle as well as surface energy balance and hence land-atmosphere
interactions. Because the discrepancy not only depends on parameterizing phenology but phenology-environment relationship,

future improvements to other model components (e.g., soil moisture) could better align the seasonal cycle of LAI and GPP.
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Key Points:

e CLM LAI exhibits the best agreement with MODIS in seasonal deciduous PFTs and
deciduous broadleaf trees;

e LAl amplitudes are sensitive to environmental factors while LAI seasonal cycle is mostly
determined by the phenology scheme;

e Discrepancies in LAI result in biases in GPP, but improvements in one variable may not
lead to better results in the other.
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Abstract

Accurate simulation of plant phenology is important in Earth system models as phenology
modulates land-atmosphere coupling and the carbon cycle. Evaluations based on grid-cell
average leaf area index (LAI) can be misleading because multiple plant functional types (PFT)
may be present in one model grid cell and PFTs with different phenology schemes have different
LAI seasonal cycles. Here we examined PFT-specific LAI amplitudes and seasonal cycles in the
Community Land Model versions 5.0 and 4.5 (CLM5.0 and CLLM4.5) and their relationship with
the onset of growing season triggers in the Northern Hemisphere. LAI seasonal cycle and spring
onset in CLM show the best agreement with MODIS for temperature-dominated deciduous
PFTs. Although the agreement in LAI amplitude between CLM5.0 and MODIS is better than
CLM4.5, the agreement in seasonal cycles is worse in CLM5.0. CLM5.0 also simulates higher
soil moisture and shows lower influences of soil moisture on LAI amplitudes and seasonal
cycles. While productivity depends on the environmental factors to which the plant is exposed
during any given growing season, differences in phenology sensitivity to its environment
necessitate a decoupling between the seasonality of LAI and GPP, which in turn could lead to
biases in the carbon cycle as well as surface energy balance and hence land-atmosphere
interactions. Because the discrepancy not only depends on parameterizing phenology but
phenology-environment relationship, future improvements to other model components (e.g., soil
moisture) could better align the seasonal cycle of LAI and GPP.

Plain Language Summary

Leaf phenology modifies rates of water, carbon, and energy exchange between the land and the
atmosphere. However, large discrepancies have been identified between leaf area simulations
from land surface models and remote sensing estimates. Here we evaluated how plant types (e.g.,
evergreen or deciduous) differed in leaf area magnitude and seasonality in the Community Land
Model versions 5.0 and 4.5 (CLM5.0 and CLM4.5) and their relationships with environmental
factors in the Northern Hemisphere. Timing of spring leaf growth and growing season length
show the best agreement with satellite data for temperature-dominated deciduous vegetation.
CLMS5.0 had better agreement than CLM4.5 in winter-summer range in the amount of leaf area,
but worse agreement on seasonal timing. Because simulated leaf phenology in CLM is primarily
determined by how the phenology scheme is parameterized while carbon production is governed
by environmental factors, this leads to a decoupling between the seasonality of leaf area and that
of plant productivity. This could lead to model biases in both the carbon cycle and land-
atmosphere coupling. Since the mismatch depends on both the phenology scheme and
environmental factors, future improvements to other model components (e.g., soil moisture)
could better align the seasonality of leaf area and plant productivity.
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1 Introduction

Plant phenophase modulates ecosystem function, the flow of carbon through the
terrestrial biosphere, and land-atmosphere coupling (e.g. Fitzjarrald et al., 2001; Morisette et al.
2009; Lawrence & Chase, 2010; Richardson et al. 2013; Renner and Zohner 2018). In temperate
and boreal regions, plant phenology modifies the terrestrial carbon cycle by governing the onset
and duration of the growing season (Morisette et al. 2009; Richardson et al. 2009, 2010). In
addition, plant phenophase changes also regulate the energy and momentum exchanges between
the land surface and the atmosphere (Schwartz 1992; Richardson et al. 2013), and therefore
influence land-atmosphere coupling strength, as demonstrated by both observations (Berg et al.
2016; Findell et al. 2015; Green et al. 2017) and model experiments (Guillevic et al. 2002; Levis
and Bonan 2004; Lorenz et al. 2013; Puma et al., 2013; Xu et al. 2020; Li et al., 2023). In
particular, leaf phenology links the biogeophysical and biogeochemical processes in land surface
models and therefore influences both the land surface and the atmosphere above it. However,
large discrepancies are present in both the amplitude of leaf area index (LAI) and the start and
end of the growing season between model simulations and remote sensing estimates (e.g.
Richardson et al., 2012; Mahowald et al. 2016; Peano et al. 2019; Park and Jeong, 2021; Song et
al. 2021; Li et al., 2022). Because both the amplitude and seasonal cycle of leaf phenology
modulate land-atmosphere interactions as well as carbon and other biogeochemical cycles in
LSMs, evaluating both LAI values and seasonality is critical for accurately simulating land-
atmosphere coupling and the carbon fluxes.

Although leaf phenology is simulated at a daily or higher temporal resolution and
separately for different plant functional types (PFT; e.g. Sitch et al. 2003; Krinner et al. 2005;
Lawrence et al., 2019), LAI is often recorded as grid cell averages and at a coarser temporal
resolution in the history files and therefore most of the large-scale evaluations are based on
monthly averages (Richardson et al., 2012; Mahowald et al. 2016; Peano et al. 2019; Park and
Jeong 2021; Song et al. 2021). In land surface models that explicitly simulate plant phenology,
natural terrestrial ecosystems are classified into different phenological plant functional types
(phenoPFTs; e.g. seasonal/cold deciduous and stress/drought deciduous) and phenophases of the
PFTs within the same phenoPFT are controlled by the same set of environmental control factors
such as temperature, soil moisture, and precipitation. As a result, LAls of different PFTs within
the same grid cell can differ greatly though they are forced by the same meteorological
conditions. Because water and carbon fluxes are calculated at the PFT level, evaluating plant
phenology at high temporal resolution and PFT level is critical for simulating water and energy
exchanges between the land and the atmosphere as well as the carbon cycle, but the skill of land
surface models to represent plant phenology at PFT level at fine resolution across large spatial
scales are yet to be evaluated.

Here we used the Community Terrestrial System Model (CTSM, previously the
Community Land Model, or CLM), which is the land surface model of the Community Earth
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System Model (CESM; Danabasoglu et al., 2020). CLM simulates complex biogeophysical and
biogeochemical processes over the land surface (Lawrence et al., 2019) and has been widely
adopted into other earth system models as well as regional climate models and weather models
(e.g. CMCC-ESM2, Lovato et al., 2022; NorESM2, Seland et al., 2020; RegCM, Steiner et al.,
2009). In CLM, coupling between vegetated land surface and the atmosphere happens at the
plant functional type level, although both underlying soil layers and the atmosphere above
receive output from the land surface as aggregated over all PFTs within the grid cell. Each year,
the start and end of growth for deciduous vegetation types are triggered by a subroutine that
determines leaf phenophase (Oleson et al., 2013; Lawrence et al., 2019). These subroutines are
informed by studies that used both in-situ measurements and remote sensing at individual sites or
for specific PFTs to fit parameters, characterize ecological processes, and evaluate model
performance. For instance, Scholze et al. (2017) used a data assimilation approach at the site
level and tuned parameterizations in land surface models to reproduce observed seasonal cycles.
Dahlin et al. (2015, 2017) examined stress deciduous phenology in CLM in tropical drylands and
found that a precipitation criterion is necessary to prevent rapid onset of growing seasons due to
soil moisture fluctuations. Chen et al. (2016) implemented different spring onset triggers for
seasonal deciduous trees in CLM and improved the model’s simulation of plant productivity.
Birch et al. (2021) developed alternate phenology and photosynthesis schemes and adjusted
carbon allocation parameters in arctic-boreal regions and improved gross primary production
(GPP) simulation. While these studies are crucial for developing model parameters and
evaluating ecological processes, it is unclear how well CLM can simulate key aspects of spring
“green up” across different climate zones and over varying vegetation types at the hemispheric
and continental scales, which will be most important for future climate feedback and carbon
sinks or sources.

Previous studies have found large land surface phenology disagreements between CLM
and MODIS and also between different versions of CLM (e.g. Richardson et al., 2012;
Mahowald et al., 2016; Scholze et al., 2017; Albergel et al. 2018; Li et al., 2022). These
discrepancies emerge from different sources including definitions of spring onset, derivation
procedure of simulated and observed variables, as well as biases in observations and land surface
models. Satellite-derived LAI values, for instance, are based on reflectance and therefore subject
to influences of snow cover and atmospheric conditions like cloud cover and diffuse radiation
(Myneni et al., 2015). In addition, large biases in model simulations also emerge from how
phenology is parameterized and/or how it responds to environmental factors and other model
components. Comparisons based on gridcell averages show that even though CLMS5.0 exhibits
better representations of LAI values and seasonal amplitude than CLM4.5, it fails to represent
LAI annual cycle and interannual variability accurately (Li et al., 2022). Because phenology is
simulated at the PFT level, reducing these biases and characterizing distinct sources of
uncertainty requires comparisons at the vegetation type level.
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In this study, we compare leaf phenology at the plant functional type (CLM) - land cover
type (MODIS) level at both grid cell level and hemispheric scale in the Northern Hemisphere
and seek to answer: (1) across PFTs, how well can CLM simulate LAI variability estimated from
MODIS and how does the CLM-MODIS agreement change with PFT and location? (2) how may
these disagreements influence how CLM simulates the carbon cycle? and (3) how sensitive is
simulated plant phenology to environmental factors such as soil temperature and soil moisture?

2 Data and Methods

2.1 CLM land surface data structure and plant functional types

To represent spatial heterogeneity in the land surface, CLM adopts a “nested subgrid
hierarchy” (Lawrence et al., 2019). Under this scheme, grid cells are divided into multiple land
units and if a grid cell has natural vegetation (e.g., trees, shrubs, and grasses) in it, then one of its
land units is a vegetated land unit. Each grid cell can have multiple land units and each land unit
can have multiple columns in it. The vegetated land unit only consists of one single soil column
that is further divided into different plant functional types. When the crop model is disabled in
CLM, each grid cell can have a maximum of 14 natural plant functional types (PFTs), two
generic crop PFTs, and bare ground. The area weight of different PFTs in CLMS5.0 for a case run
with a standard “year 2000 land surface configuration (e.g., land use/land cover and
atmospheric boundary conditions are taken to be representative of the early 2000s) is shown in
Figure S1. Vegetation carbon and energy fluxes as well as state variables (e.g., leaf area index
and vegetation temperature) are defined and simulated at the PFT level.

Coupling between CLM and the atmosphere component (either a “data” atmosphere or
dynamical atmospheric model), happens at the grid cell level. That is, individual PFTs and
columns are not assigned a specific location within a grid cell and all the PFTs, together with
other land units within the same grid cell, are forced with the same atmospheric conditions at
each time step and their fluxes are combined to supply information back to the atmosphere based
on the area weight of each PFT. Interactions between the land surface and below-ground soil
layers take place at the column level. That is, because all natural PFTs belong to the same soil
column, they are faced with the same soil conditions at each time step. Crop PFTs each have
their separate soil column when the crop model runs, but because our focus here is on natural
ecosystems and their phenology, we excluded crop PFTs and focused only on natural PFTs in
our analysis.

The phenology subroutines in CLM govern carbon and nitrogen fluxes for leaf
development and litter fall for natural vegetation types. These routines also partially regulate
biogeophysical processes, like photosynthesis and canopy hydrology (among others), by
modifying LAI over the course of the year. There are three distinct phenology parameterizations

in CLM--seasonal deciduous, stress deciduous, and evergreen--and each parameterization
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affects LAl in at least one of the model’s 14 natural PFTs (Table S1). For example, a growing
degree day (GDD) threshold triggers leaf emergence and growth in PFTs that use the seasonal
deciduous phenology routine (White et al., 1997; Oleson et al., 2013; Lawrence et al., 2019).
PFTs governed by stress deciduous phenology start growing only after their chilling
requirements are met (except for tropical stress deciduous PFTs, e.g., broadleaf deciduous
tropical trees, that do not have a chilling requirement) and in response to GDD thresholds and
soil moisture (White et al., 1997; Oleson et al., 2013), as well as an antecedent precipitation
requirement introduced in CLMS5.0 (Dahlin et al., 2015; Lawrence et al., 2019). Evergreen
phenology, in contrast, has a fixed background litter fall rate and no leaf onset/offset trigger
(Oleson et al., 2013; Lawrence et al., 2019), so new leaf production depends on the current rate
of photosynthesis and respiration (Table S1). During each simulation year, PFTs using the
deciduous phenology routine allocate some portion of their carbon and nitrogen for leaf
development during the next growing season (Thornton and Zimmermann, 2007; Oleson et al.,
2013; Lawrence et al., 2019). Onset of leaf development occurs when the environmental
thresholds listed above are reached, and CLM begins to allocate stored carbon (and nitrogen)
from the previous growing season to increase LAI over a fixed 30-day period for non-evergreen
PFTs. However, stress deciduous PFTs can have multiple growing seasons within one year, or a
long growing season and no dormancy when conditions are favorable. LAI for each PFT and grid
cell average at an illustrative multi-PFT grid cell is shown in Figure S2.

In our experiments, we ran CLM (4.5 and 5.0) with the GSWP3 historical forcing dataset
(Muller Schmied et al., 2016). Briefly, GSWP3 data is dynamically downscaled from the 20th
Century Reanalysis (20CR, Compo et al., 2011) and corrected using observations derived from
satellite remote sensing or station data. Due to its temporal coverage, GSWP3 was used as
boundary conditions over the period from January 1, 1970 through December 31, 2014.
Although other boundary conditions have been used to examine the skill of CLM (e.g.,
CRUNCEP in Wang et al., 2014), our findings did not depend strongly on the historical forcing
data. We discarded the first 33 years as spin-up and used 2003-2014 to compare CLM and
MODIS.

2.2 MODIS land cover types and LAI for different land cover types

Our remote sensing LAI originated from the MODIS Terra MOD15A2H.v006 (Myneni
et al., 2015) 500-m product. To compare against different PFTs in CLM, we separated MODIS
LAI into different land cover types. The land cover type was based on the MODIS land cover
type data product (MCD12Q1.v006, Friedl et al., 2010). Within each CLM finite-volume grid
cell, raw 500-m LAIs with a “good quality” flag (i.e., MODIS QA flag = 0) from each land cover
type were averaged together to produce a 1° product with eight-day temporal resolution. A cubic
spline was then fit to each time series of the 1° grid cell average for each year and used to
interpolate the data to daily time steps. Figure S3 shows the spatial distribution and area weight
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of each MODIS land cover type. Table S2 reports the match between CLM PFTs and MODIS
land cover types.

2.3 LAI ratios

To investigate the agreement between CLM and MODIS leaf phenology at a hemispheric
scale, we employed two sets of indicators. LAl ratio denotes how well LAI amplitude matches
while seasonal ratio shows how well seasonality matches between CLM and MODIS leaf
phenology. At grid points where both a CLM PFT and its corresponding MODIS land cover
(Table S2) are present, we defined the annual mean LAI ratio as the annual mean CLM LAI
divided by the annual mean MODIS LAI (Equation 1).

LAl
LAI ratio = —2

LAIyopis
(Equation 1)
Here bars over the variable denote the average value. LAI ratio ranges from 0 to co. An LAI ratio
of 0 means CLM simulates zero LAI. When LAI ratio equals or is close to 1, annual mean CLM
LAI values are close to mean MODIS LA, although no information is provided on how well
their seasonal cycles agree. If the LAI ratio is above 1, then MODIS LAI is smaller than CLM
LAl suggesting CLM may have overestimated LAI at those locations.

2.4 Seasonal ratios

We also calculated the root mean square error (RMSE) between normalized CLM LAIs
and MODIS LAIs and named it the seasonal ratio (RMSEomra1). For each year between 2003
and 2014, we first normalized daily LAIs from MODIS and CLM, respectively, to remove the
impact of differences in LAI amplitudes. Then we calculated the RMSE of normalized LAIs to
determine how well the seasonal cycle of LAI agrees between CLM and MODIS (Equation 2).

2 LAlcom-TAlcy  LAlyoprs—LAl :
RMSE ormiar = _[mean[(——M —<M _ = _MOBIS ——MODISY2]  (Equation 2)
o(LAlcLm) o(LAImobis)

Here bars over the variable denote the average and ¢ denotes the standard deviation. If
RMSE,ormr a1 18 large, then normalized CLM LAIs differ from normalized MODIS LAIs
substantially over the year, suggesting the CLM seasonal cycle differs from that in MODIS.
When RMSE, ormr a1 18 close to 0, CLM and MODIS LAI have good agreement on their seasonal
variation (Figure S4). Here we focused on results from GSWP3 forced CLM5.0 and CLM4.5,
but RMSE, o1 remains little-changed when using a different model-forcing combination.

2.5 LAI threshold-based spring onset timing

We developed a suite of indicators to investigate the start of spring timing in CLM and
MODIS. The indices of primary interest here are all based on LAI, which is either derived from
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MODIS or calculated internally by CLM. We define the annual dynamical range of LAI as the
difference between minimum (winter) and maximum (summer) LAI each year. We then focus on
the 50% thresholds of the annual dynamical range of LAI (Figure S5). Using threshold-based
indicators reduces the influence of land use change in remote sensing records as well as
differences in peak LAI from one year to the next.

2.6 Difference in terrestrial production

To investigate how the discrepancies in LAI seasonal cycles influence plant production,
we also computed the gross primary production (GPP) simulated by different CLM PFTs during
the differences in the duration of the peak growing season between CLM and MODIS (AGPP,
see also Li et al., 2022 for grid cell averaged influences on net primary production). We defined
peak growing season as days within the year when LAI is above 75% of its annual dynamical
range for each PFT. We then calculated the difference between CLM and MODIS peak growing
season and estimated the GPP simulated by each PFT during that difference window. CLM GPP
is counted as positive when CLM LAI is within its peak growing season but MODIS is not, and
negative vice versa. After computing the annual GPP difference induced by different peak
growing windows in CLM and MODIS, we averaged across all years to characterize the
potential influence of errors in modeled phenology on terrestrial carbon cycle simulations. We
only examined AGPP induced by differences in peak growing season to diminish the influence of
LAI differences and focus on differences due to plant phenology. We also calculated how large
AGPP is compared to the total annual GPP in CLM and named the index AGPPppeno. To verify
the inferred GPP and LAI seasonal cycles, we adopted site-level LAI and GPP estimates from
two AmeriFlux flux tower sites (Pastorello et al., 2020) at US-Me2 (44.4523°N, 121.5574°W,
mostly evergreen forest; Law, 2022) and US-Ho2 (45.2091°N, 68.7470°W, ~90% ENF and 10%
DBF in 1km around tower; across region forest type is mixed evergreen and deciduous broadleaf
forest; Hollinger, 2021).

2.7 Soil temperature and soil moisture

To investigate how sensitive the indicators are to meteorological variables and the
relative importance of forcing versus PFT, we investigated the relationship between the
indicators and the temperature and soil moisture from the simulations. We used soil temperature
and soil moisture in the top 10 centimeters because CLM uses soil properties from the third soil
layer (0.08m) to determine the start of growing season (Table S1; Lawrence et al., 2019).

3 Results

We examined the agreements between CLM and MODIS LAI amplitudes, LAI seasonal
cycles, spring onset, their influences on GPP, and how the agreements vary with soil moisture
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and temperature. We found that (1) CLM phenology agrees best with MODIS in seasonal
deciduous PFTs and deciduous broadleaf trees; (2) Phenology-induced biases in GPP are smaller
than in LAI, but the discrepancies still result in large biases in GPP; and (3) LAI amplitudes are
sensitive to environmental factors while LAI seasonal cycle and spring onset are mostly
determined by the phenology scheme. We discuss these results in more detail below.

3.1 Amplitude and seasonal cycle of annual LAI

Simulated LAIs in CLM show the best agreement with MODIS LAI seasonal cycle in
seasonal deciduous PFTs, but LAI amplitudes are overestimated at high latitudes (>60°N, Table
1, attached at the end of the manuscript, Figure S6). Over the Northern Hemisphere, CLM5.0 and
MODIS display similar LAI seasonal amplitude and variation in deciduous broadleaf dominated
boreal and temperate regions (Figures 1gh, 2gh). LAl ratio is close to or lower than 1 and
RMSE,oimrar 18 around 0.5 in Eastern US, Europe, East Asia, and along 55°N in Central Asia,
suggesting that CLM LAIs are close to or lower than MODIS LAIs in these regions, but the
seasonal cycles are similar. RMSE,o:mr a1 also decreases when moving to lower latitudes in these
regions (Figure 2gh). For broadleaf deciduous boreal shrub, like other high-latitude PFTs, CLM
overestimates LAI values but agrees with MODIS on seasonality (Figure 1k, 2k). Across high-
latitude regions in North America and Eurasia, CLM5.0 exhibits an LAI ratio of either zero or
above five, suggesting that CLMS5.0 boreal shrubland LAI is either zero or too high in these
regions (Figure 1k). RMSE,omra1 is around 0.5 except in north Russia, indicating that CLM and
MODIS LAI agree on seasonality over boreal shrublands (Figure 2k). C3 arctic grass generally
displays overestimated LAI values but good agreement on LAI seasonal cycle. For the C3 arctic
grass PFT in CLMS5.0, CLM exhibits larger LAIs with the LAI ratio higher than 6 in some
regions in Northern Canada and Northern Russia. RMSEormr a1 is around 0.5 or lower,
suggesting CLM5 leaf seasonal cycles in seasonal deciduous grasslands agree with MODIS
(Figure 21).
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Figure 1. Maps showing agreement of LAI amplitude between GSWP3 forced CLM5.0 and
MODIS for different PFTs. Agreement of LAI amplitude, or LAI ratio, is defined as mean
annual CLM LAI divided by mean annual MODIS LAI for the corresponding PFT. This ratio
reflects how well CLM LAI values match with MODIS. An LAI ratio close to 1 means a good
match. If the LAI ratio is less than 1, then MODIS LAI is larger than CLM LAI over the course
of a year, and the opposite if LAI ratio is larger than one.

Agreements between MODIS LAI estimates and CLM simulations depend on plant
functional type, model version, and atmospheric forcing in stress deciduous PFTs (Table 1,
Figure S7). Stress deciduous tree and shrub PFTs display lower agreement between CLM and
MODIS in both LAI amplitude and seasonality than the seasonal deciduous trees and shrubs in
colder environments. Over the Northern Hemisphere, the LAI ratio of temperate shrub is slightly
lower than that of boreal shrub but is still over 3. This suggests that if a temperate shrub has a
non-zero LAI (i.e. the PFT survives) in CLMS5.0, the LAI values are much higher than MODIS.
RMSE,oimra1 18 around 1.5 in the Rocky Mountain regions in the US, the Mediterranean, and
Central Asia, indicating a large mismatch between CLM and MODIS LAI seasonal cycles. For
locations occupied by tropical deciduous broadleaf trees in Southeast Asia, India, and Mexico,
LAl ratio is either zero or higher than one and the RMSEs are generally above 1, indicating that
the PFT is either dead or over-productive in CLM and exhibits different seasonal cycles from
MODIS (Figures 1f, 2f). Agreement between grassland LAI in CLM5.0 and MODIS varies
dramatically across space (Table 1; Figures 1imn, 2imn). For the C3 non-arctic grass PFT in
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CLMS5.0, CLM exhibits larger LAIs with the LAI ratio higher than 1.5 in Eastern US, South
Canada, Central America, the majority of Europe, as well as Central and Eastern Asia. LAl ratio
is lower than 0.5 (but still non-zero) at a few locations in the Western US, Northern UK, Eastern
Europe, and Central Asia, and decreases to zero in the surrounding regions (Figure 1mn).
RMSE, ormrar s the largest and more than 1.5 in the Southeast US and Western Europe and
decreases from lower to higher latitudes (Figure 2mn). Overall, CLM best simulates MODIS
grassland LAIs at locations around 50°N in Eastern Europe, Central Asia, and part of North
America. The C4 grass PFT in CLMS5.0 exhibits a better agreement on LAI values and seasonal
cycles than C3 non-arctic grass. Overall, CLM overestimates growing season length and may
simulate multiple growing seasons at locations where only one growing season is presented in
MODIS. Matches between CLM and MODIS LAI amplitudes are better over tropical stress
deciduous PFTs (e.g., broadleaf deciduous tropical tree and C4 grass; Figure S7ad) whereas
CLM overestimates LAI in temperate regions (e.g. broadleaf deciduous temperate shrub; Figure
S7b).

(a) needleleaf evergreen temperate tree  (f) broadleaf deciduous tropical tree (k) broadleaf deciduous boreal shrub

(b) needleleaf evergreen boreal tree  (g) broadleaf deciduous temperate tree (I) c3 arctic grass

% "y iy *3

o~

(c) needleleaf deciduous boreal tree (h) broadleaf deciduous boreal tree (m) c3 non-arctic grass
e, S
G i =< =
(d) broadleaf evergreen tropical tree (i) broadleaf evergreen shrub (n) c4 grass

(e) broadleaf evergreen temperate tree (j) broadleaf deciduous temperate shrub

RMSEnormLAI
~ 3 g b ¢ . 0 0.5 1 1.5 2

X

Figure 2. Maps showing agreement of LAI seasonal cycle between GSWP3 forced CLMS5.0 and
MODIS for different PFTs. Agreement of LAI seasonal cycle, or RMSE,;mr a1, is defined as
RMSE between annually normalized LAIs in CLM and MODIS, averaged over 2003-2014. This
ratio indicates agreement of LAI seasonal cycles between CLM and MODIS. Smaller RMSE, o ar
means better agreement.
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Evergreen PFTs exhibit the least influence of atmospheric forcing and exhibit little
seasonal variation in CLM simulations (Table 1; Figure S8). While MODIS needleleaf evergreen
LAIs can drop to close to zero in winter in temperate and boreal regions, CLM LAI shows much
less intra and interannual variability. Peak growing season is also delayed in CLM relative to
MODIS over mid-to-high latitude regions (Figure S8ab). CLM disagrees with MODIS LAI in
both LAI values and seasonal variation in evergreen needleleaf tree PFTs (Figures 1ab, 2ab),
though part of this discrepancy may be due to uncertainties in satellite-derived LAI estimates
when evergreen trees can be snow-covered. For evergreen broadleaf forests, CLM5.0 LAI
estimates are close to those in MODIS, especially for tropical trees (Figures 1de, S8cd). CLM5.0
overestimates LAIs (LAI ratio>4) for evergreen broadleaf temperate trees in subtropical regions
in East and Southeast Asia, Southeast US, and Mexico, while CLM LAIs are close to, or a little
lower than, MODIS values (LAI ratio=<1) for evergreen broadleaf tropical trees in Southeast
Asia, Central America, and Sahel (Figure 1abde). RMSE, o1 is generally greater than 1 across
these regions, indicating that the LAI seasonal cycle in CLM differs from the spline-fitted
seasonal variations in MODIS LAI (Figure 2abde).

Agreement between MODIS and CLM LAI values and seasonal cycles depend largely on
the plant functional type in CLM. Across high-latitude regions (around 60°N) in North America
and Eurasia, LAl ratio is 2 or higher while RMSE,,oimpa1 1S 1 or lower, suggesting that CLM LAIs
are much larger than MODIS values, although they display similar seasonal cycles. Both LAI
ratio and RMSE,o;m1a1 decrease when moving to lower latitudes, indicating that LAI seasonal
amplitude and variation of these two communities are more similar at lower latitudes. In general,
CLM LAIs are higher than corresponding MODIS land cover types for needleleaf evergreen
trees, shrubs, and grass PFTs (Figures 1, S9). Overall, CLM shows most agreement with MODIS
LAI in broadleaf deciduous temperate tree PFT and least agreement in shrub PFTs (Table 1,
Figure S9).
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371 e
372 Figure 3. Difference between LAI ratio of GSWP3 forced CLMS5.0-MODIS and CLM4.5-

373 MODIS for different PFTs. Agreement of LAI amplitude, or LAI ratio, is defined as mean
374  annual CLM LAI divided by mean annual MODIS LALI for the corresponding PFT.

375

376 Across PFTs, CLM5.0 shows improvements from CLM4.5 in the match between PFT
377 and MODIS land cover, reducing the excessive number of growth cycles in stress deciduous
378  PFTs with more than one growing seasons each year, and reduction in LAI overestimation and
379 zero LAls, but exhibits worse disagreement with MODIS LAI seasonal cycle in stress deciduous
380  and evergreen PFTs. CLMS.0 reduces areas with zero LAI estimates in needleleaf deciduous
381  boreal trees (Figures 1c, 3¢), broadleaf deciduous boreal shrub (Figures 1k, 3k), and C3 non-
382 arctic grass (Figures 1m, 3m), and decreases LAI ratio in broadleaf deciduous trees (from >2 in
383  CLMA4.5 to ~1; Figures 1gh, 3gh), broadleaf deciduous boreal shrub (Figures 1k, 3k), and C3
384  arctic grass (from >8 in CLM4.5 to ~4; Figures 11, 31). However, estimation of LAI seasonal
385  cycles is largely unchanged for deciduous PFTs in temperate and boreal regions and

386  RMSE,,mra1 increases by around 1 in needleleaf evergreen trees from CLM4.5 to CLM5.0,

387  suggesting that CLMS5.0 experiences larger disagreement with MODIS LAI seasonal cycle than
388  CLMA4.5 in evergreen and some stress deciduous PFTs (Figures 4, S9, and Table 1).

389
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(a) needleleaf evergreen temperate tree  (f) broadleaf deciduous tropical tree (k) broadleaf deciduous boreal shrub
(b) needleleaf evergreen boreal tree  (g) broadleaf deciduous temperate tree (I) c3 arctic grass
(c) needleleaf deciduous boreal tree (h) broadleaf deciduous boreal tree (m) c3 non-arctic grass
(d) broadleaf evergreen tropical tree (i) broadleaf evergreen shrub (n) c4 grass
(e) broadleaf evergreen temperate tree (j) broadleaf deciduous temperate shrub
. 3 3 ARMSEnormLAl
|- |
-2 -1 0 1 2

Figure 4. Difference between LAI seasonal cycle agreement of GSWP3 forced CLM5.0-MODIS
and CLM4.5-MODIS for different PFTs. Agreement of LAI seasonal cycle, or RMSE o a1, 1S
defined as RMSE between annually normalized LAlIs in CLM and MODIS, averaged over 2003-
2014. This ratio indicates agreement of LAI seasonal cycle between CLM and MODIS and
smaller RMSE,o;mr.a1 means better agreement.

3.2 Start of growing season and GPP

Across different PFTs in the Northern Hemisphere, CLMS5.0 simulates later spring onset
than MODIS (Figure 5), except for a few grass-dominated mid-latitude locations, but the
difference between CLM5.0 and CLM4.5 phenology varies across vegetation types (Figure S10).
CLMS5.0 spring onset exhibits the largest difference from MODIS in high-latitude regions that
are dominated by needleleaf evergreen trees, broadleaf evergreen trees, broadleaf deciduous
shrubs, and non-arctic grasses (Figure Sabejmn), where DOYs of LAI 50% threshold are more
than 50 days later in CLM5.0 than MODIS. This difference remains more than 20 days in boreal
regions in other PFTs, such as broadleaf deciduous shrub and C3 arctic grass but decreases in
mid-latitude regions across the Northern Hemisphere. Across the Northern Hemisphere, CLMS5.0
spring onset timing is less than 5 days from CLM4.5 in seasonal deciduous PFTs, while CLMS5.0
exhibits later spring onset than CLM4.5 over needleleaf evergreen trees (>50 days), some non-
arctic grass PFTs (30 days and above), and some temperate vegetation types in subtropical
regions (Figure S10).
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412
413 Figure 5. Difference between mean day of year when LAI reaches 50% threshold of LAI annual

414  dynamical range in CLM5.0 and MODIS for each PFT. LAI annual dynamical range is defined
415  as annual maximum LAI minus annual minimum LAI.

416

417 Correlations between the DOY indicators in CLM5.0 and MODIS are larger at higher

418 latitudes, suggesting a strong temperature influence (Figure 6). In deciduous PFTs, the highest
419  correlations (>0.8) are present in temperature and boreal deciduous trees, boreal shrubs, and

420  arctic grasses (Figure 6¢cghki). Evergreen needleleaf trees in temperate and boreal regions display
421 small or even negative correlations with MODIS DOY's (Figure 6ab). From CLM4.5 to CLMS5.0,
422 correlations exhibit small and non-uniform changes (Figure S11). Overall, correlations depend
423 largely on the phenology scheme adopted in CLM and are high in deciduous PFTs at high

424 latitudes (Figure 6).

425
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(a) needleleaf evergreen temperate tree  (f) broadleaf deciduous tropical tree (k) broadleaf deciduous boreal shrub
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Figure 6. Correlation between day of year when LAI reaches 50% threshold of LAI annual
dynamical range in for each PFT in CLM5.0 and corresponding land cover type in MODIS over
2003-2014.

Disagreements between CLM and MODIS leaf phenology lead to underestimation of
GPP in CLM in evergreen PFTs and overestimation in deciduous PFTs during the peak growing
season (Table 1, Figure 7). On average, GPP bias caused by phenology mismatch is larger in
boreal PFTs than temperate and tropical PFTs with the same phenology scheme (Table 1). For
evergreen PFTs, peak LAI occurs much later than peak LAI in MODIS, but GPP is more
consistent with favorable environmental conditions, causing leaf phenology to be biased later
than the seasonality of primary production (Figures 5, 7, S8). For deciduous PFTs, because the
start of growing season is later in CLM than MODIS and growing season length is longer
(Figures 5, S6-S7), the overall longer peak growing season has a positive influence on GPP
(Figure 7). Notably, although phenology induces consistent over- or underestimation of GPP in
most PFTs, C3 and C4 grass PFTs in Eastern US, Southern Europe, and Eastern China exhibit
underestimated GPP, while in Central and Eastern NA, Central Eurasia and Northern China, GPP
is overestimated. Differences between CLMS5.0 and CLM4.5 AGPPeno are small, but GPP
biases are generally larger in CLM5.0 as CLM5.0 has less agreement with MODIS LAI in the
seasonal cycle (Table 1, Figure S12). However, site-level comparisons show that the mismatch
between GPP and LAI seasonal cycle in evergreen PFTs may be due to biases in both CLM and
MODIS LAI estimates (Figure S13) as MODIS may overestimate LAI seasonal variations in
evergreen PFTs (Myneni et al., 2015). However, the potential mismatch between CLM LAI and
GPP seasonal cycles could still cause underestimation of GPP in evergreen PFTs.
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Figure 7 Proportion of GPP produced by CLM during the difference in CLM and MODIS peak
growing season devided by total annual GPP in CLM. Peak growing season is defined as days
when LAI is over the 75% threshold of its annual dynamical range.

3.3 Environmental factors

To investigate the roles of environmental forcing, model version, and PFT type in
modulating leaf phenology, we also examined the relationship between the four sets of indicators
(LAI ratio, RMSE,omiat, DOY correlation, and AGPPppeno) and onset triggers (soil temperature
and soil moisture). Soil temperature and PFT play an important role in determining the
agreement between CLM and MODIS LAI, whereas soil moisture influences LAI estimation
more in CLM4.5 than in CLMS5.0. PFT and phenology schemes modulate the influences of soil
states on LAI amplitudes and seasonal cycles. Generally, LAI ratio and DOY correlation
decrease with increasing mean spring temperature, while RMSE, :m o1 increases with increasing
spring temperature (Figure 8a-f), suggesting LAI seasonal cycles agree better between CLM and
MODIS with lower spring temperature, though PFTs play an important role. Influences of soil
moisture on RMSE,,:m1 a1 are largely modified by PFTs while LAI ratio and DOY correlation
generally increase with higher spring soil moisture (Figure 9 a-f). For evergreen PFTs, higher
spring temperature and lower soil moisture leads to smaller phenology-induced GPP bias, while

for deciduous PFTs, lower spring temperature and higher soil moisture generally leads to smaller
GPP difference (Figure 8gh, 9gh).
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Figure 8. Relationships between each plant functional type (PFT; abbreviations on the X axis),
mean spring soil temperature (Y axis), and different indices (different panels). Y axis shows
mean March, April, and May 0-10cm soil temperature (mean MAM T) and X axis denotes CLM
PFTs: NETt: needleleaf evergreen temperate tree; NETb: needleleaf evergreen boreal tree;
NDTb: needleleaf deciduous boreal tree; BETtrop: broadleaf evergreen tropical tree; BETt:
broadleaf evergreen temperate tree; BDTtrop: broadleaf deciduous tropical tree; BDTt: broadleaf
deciduous temperate tree; BDTb: broadleaf deciduous boreal tree; BES: broadleaf evergreen
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480  temperate shrub; BDSt: broadleaf deciduous temperate shrub; BDSb: broadleaf deciduous boreal
481  shrub; C3a: C3 arctic grass; C3: C3 non-arctic grass; C4: C4 grass.
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484  Figure 9. Relationships between each plant functional type (abbreviations on the X axis), mean
485  spring soil moisture (Y axis), and different indices (different panels). Y axis shows mean March,
486  April, and May 0-10cm soil moisture (mean MAM SM) and x axis denotes CLM PFTs. PFT

487  names are the same as in Figure 8.
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488

489 Within each PFT, LAI ratios and AGPPeno are most sensitive to environmental factors,
490  while LAI seasonal cycles experience relatively small impacts of both soil temperature and

491  moisture except for some stress deciduous PFTs (Figure 8-9). Across PFTs, LAI ratios mostly
492 decrease with increasing spring temperature (Figure 9ab). RMSE,o;mra1 and spring onset timing
493  exhibit little changes when mean spring temperature changes except for stress deciduous where
494  RMSE,omLa1 increases with higher mean spring temperature. Higher mean spring soil moisture
495  also leads to higher LAI ratios and lower RMSE,ormra1, €specially in stress deciduous PFTs

496  (Figure 9). Overall, soil moisture has greater influences on the indicators in CLM4.5 than

497  CLMS5.0. Although lower soil temperature and higher soil moisture generally lead to better

498  estimation of LAI seasonal cycle and start of spring timing, within each PFT, environmental
499  factors have relatively small influences on the agreement of seasonality between CLM and

500  MODIS (Figure 8-9).

501

502 4 Discussion

503 Here we investigated the relative importance of model version and forcing, phenology
504  scheme, and soil moisture and temperature to four sets of indicators of leaf phenology and their
505  influences on vegetation productivity. PFTs that employ the seasonal deciduous phenology

506  scheme exhibit better agreement with MODIS LAI than PFTs using either of the other two

507  routines. Because temperature is the dominant control on seasonal deciduous ecosystems, they
508  respond similarly in both the model and the observational data, though the amplitudes of the LAI
509  seasonal cycle are often too high for shrubs and grasslands at high latitudes. Evergreen PFTs

510  show the lowest agreement between LAI seasonal cycles in CLM and MODIS and display a later
511  start of growing season in CLM than MODIS, though comparisons at AmeriFlux sites show the
512 discrepancy is partially due to biases in MODIS LAI estimates and how growing season is

513  measured across different datasets. For stress deciduous PFTs, both LAI amplitudes and seasonal
514 cycles agree better between CLM and MODIS at higher latitudes. Over the NH, CLM agrees

515 best with MODIS in both LAI amplitudes and seasonal cycles over broadleaf deciduous trees in
516  temperate and boreal regions. PFT and phenology schemes play a critical role in regulating

517  agreements between CLM and MODIS leaf phenology, and their disagreements can cause large
518  mismatches between leaf phenology and carbon production in CLM (Figure 10).

519
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Figure 10. Conceptual diagram showing the relationships between plant phenology, GPP, and

environmental factors. Phenology controls the onset and offset of growing season and
productivity for deciduous PFTs and carbon and nitrogen fluxes from the stored carbon and
nitrogen pools. PFTs and their phenology triggers are listed in Table S1.

Despite uncertainties in both satellite observations and CLM simulations, grid cell and
Northern Hemispheric scale PFT-level comparison reveal fundamental differences in leaf
development process in these two state-of-the-art large-scale products. LAI of evergreen PFTs in
boreal and temperate regions peaks too late and may cause underestimations of GPP. Stress
deciduous PFTs in moisture-limited temperate and tropical regions can have several growing
seasons within one year, while usually only one or two growing periods are displayed in MODIS
LAI Agreement with MODIS also changes from CLM4.5 to CLMS5.0. Over most PFTs, CLMS5.0
improves simulations of LAI amplitudes, but the alignment of the LAI seasonal cycle between
MODIS and CLM decreases from CLM4.5 to CLMS5.0. Although site-level analysis and
comparison can provide critical information in model development and validation (Dahlin et al.,
2015; Kim et al., 2015; Stockli et al., 2008), because vegetation within the same PFT in CLM
shares the same set of parameters (Table S1), it is essential to evaluate model simulations against
observations at both large spatial scales and plant functional type level.

Vegetation types determine the agreement between CLM and MODIS LAI, especially
agreements on seasonal cycles. CLM LAls are more likely to be larger than MODIS LAIs with
lower soil temperature and higher soil moisture, however, once the phenology scheme is
determined, agreements between the seasonal cycles exhibit only small influences of soil states,
even for the more moisture-limited stress deciduous PFTs. This insensitivity may be due to the
uniform soil water potential threshold across stress deciduous PFTs and relatively moist soil in
CLMS.0 (Li et al., 2022). In addition, although adding in the 10-day total precipitation criteria
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helped limit the number of growing seasons each year in stress deciduous PFTs, depending on
the forcing, there can still be more than one growing season present each year. Because large
differences are present in soil moisture in different model-forcing combinations (Koster et al.,
2009), one fixed soil water potential threshold may not fit all stress deciduous PFTs and forcing
datasets. Therefore, the soil moisture threshold and/or the water stress period need to be adaptive
to the meteorological variables as the temperature thresholds are.

Although the phenology scheme is little changed from CLM4.5 to CLMS5.0, plant
phenology displays large differences between the two model versions, suggesting phenology is
greatly modified by other biogeophysical and biogeochemical processes in the model. Soil
temperature plays an important role in regulating spring onset in CLMS5.0 while both soil
temperature and soil moisture influence phenology in CLM4.5. CLMS5.0 simulates higher soil
moisture with the same GSWP3 forcing and less influence of soil moisture on leaf phenology.
Soil moisture simulations in LSMs are highly model-dependent and have critical influences on
other processes (Koster et al., 2009), so changes in soil moisture states require new
parameterization for moisture-sensitive PFTs. Meanwhile, although PFTs and phenology
schemes are pre-determined by their environment in the models, leaf phenology in turn
modulates momentum and gas exchange between the land and the atmosphere as well as
temperature and humidity (Figure 10). Differences in LAI amplitudes and seasonal cycles also
result in large biases in primary production and the carbon cycle (e.g. Birch et al., 2021; Li et al.,
2022).

Decoupling between LAI and GPP seasonal cycles may cause biases in GPP estimation,
and the biases in GPP may further feedback to LAI simulations and influence energy and water
exchanges between the land and the atmosphere. Notably, as the influence of LAI disagreement
on GPP estimates differs at the same grid cell for different PFTs, the biases can cancel out and
simulate an overall smaller bias at the grid cell level (e.g. as for deciduous broadleaf trees and
grasses in Eastern US), but the PFT-level biases may still result in discrepancies in simulations
of the carbon cycle and land-atmosphere coupling. In addition, improving phenology in CLM
may not simply be a matter of adopting new phenology parameterizations—even if these new
parameterizations are more accurate in their representation of observed phenology. It is therefore
important to develop new indicators and assess model performance at large scale and at PFT
level. Furthermore, in a changing climate, the relative importance of temperature versus soil
moisture in regulating plant growth in deciduous PFTs may change (e.g. Green et al., 2017;
Denissen et al., 2022). Diagnosing the ecological dynamics of those changes in sensitivity will
require researchers to archive a larger number of required LAI and land surface variables to
compute the indices used here, which we argue are critical for identifying sources of model bias
that are not typically seen using other standard diagnostic metrics.
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5 Conclusions

Phenology modulates the flow of energy, moisture, and gasses through the biosphere and
atmosphere. Here we compared PFT-specific LAI between CLM and MODIS and found that
mismatches between CLM phenology and observations do not arise solely from how phenology
is parameterized. Instead, those discrepancies emerge from a combination of biases in the land
surface model and the details of phenology schemes employed by individual PFTs. Among all
the phenology schemes, seasonal deciduous shows the best agreement. Among the PFTs,
deciduous broadleaf trees have the best agreements in both LAI amplitudes and seasonal cycles.
While PFT has a strong influence on leaf phenology, environmental factors influence the
agreement both by determining the PFT that is present and by influencing LAI amplitudes.
Spring onset timing and LAI seasonal cycle are more consistent across vegetation types at higher
latitudes and earlier in the growing season, indicating that there may be a temperature-dominated
signal in spring phenological changes in both CLM and observations. However, CLM displays
large cross-PFT variation in LAI values, seasonal amplitude, and seasonal cycle, and they are
influenced by both coexisting PFTs within the grid cell and the location. This information may
be lost when aggregated to grid cell level averages, resulting in possibly good LAI and GPP
simulations for the wrong reason. Therefore, it is critical to examine LAI variability and related
fluxes at PFT-level over large spatial scales.

Despite large uncertainties in both MODIS and CLM LALIs, there are fundamental
differences between leaf phenology in different versions of CLM and MODIS. While LAI
seasonal cycles agree well over seasonal deciduous PFTs, evergreen and stress deciduous PFTs
exhibit large differences between CLM and MODIS LAI amplitudes and seasonal variation,
especially over boreal and temperate regions. Compared to CLM4.5, CLMS5.0 improves over
LAI values but exhibits less agreement with LAI seasonal cycles in MODIS, potentially causing
a decoupling between LAI and GPP seasonal variations. Future improvements should bring GPP
and phenology into better agreement because these two features of plant growth are intimately
related. However, as currently implemented, improvements in one component will not
necessarily translate into improvements in the other. Moreover, due to the wetter soil in CLMS5.0,
it may be critical to adapt soil moisture criteria in the phenology scheme to soil moisture
estimates and increase phenology sensitivity to environmental factors. However, as currently
implemented, improvements in one component will not necessarily translate into improvements
in the other. Accordingly, future improvements to CLM (and other LSMs) stand to benefit most
from efforts that simultaneously optimize for phenology alongside GPP, soil moisture, and other
variables. Such efforts would not only improve the fidelity of the annual cycle of vegetation
growth, but would also make model simulations of land-atmosphere interactions more accurate
overall.
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Table 1. Mean and one standard deviation of the three indicators of each PFT

PFT LAI ratio (close to 1 RMSE,oimr a1 (lower Correlation (higher AGPPhen (closer to 0
means better means better means better estimation) | means smaller GPP bias)
estimation) seasonality
clm5 clm4.5 clm5 clm4.5 clm5 clm4.5 clm5 clm4.5

seasonal | needleleaf deciduous boreal tree 0.84+0.41 | 0.75£0.17 | 0.654£0.04 | 0.64+0.05 | 0.51+0.24 | 0.57+0.17 | 0.30£0.03 | 0.22+0.02

deciduous | broadleaf deciduous temperate tree 0.70+£0.23 | 1.19£0.46 | 0.50+0.10 | 0.50+0.10 | 0.46+0.24 | 0.46+£0.26 | 0.24+0.09 | 0.22+0.10
broadleaf deciduous boreal tree 0.62+0.33 | 1.29+0.43 | 0.60+0.07 | 0.55+0.10 | 0.43£0.28 | 0.42+0.28 | 0.32+0.06 | 0.254+0.08
broadleaf deciduous boreal shrub 3.93£1.97 | 4.93£3.07 | 0.66£0.09 | 0.64=0.11 | 0.53+0.29 | 0.51+0.30 | 0.30+0.05 | 0.30+0.09
c3 arctic grass 4.1742.15 | 5.83+£2.27 | 0.64=0.08 | 0.62+0.10 | 0.54+0.30 | 0.49+0.30 | 0.30+0.08 | 0.30+0.10
stress broadleaf deciduous tropical tree 2.27+0.49 | 1.67+£1.43 | 1.544+0.18 | 1.26+0.20 | 0.10+0.43 | 0.20+£0.36 | 0.16+0.27 | 0.02+0.25
deciduous | broadleaf deciduous temperate shrub 6.98+543 | 8.61£11.93 | 1.12+0.21 | 1.25+0.19 | -0.07+£0.39 | -0.02+0.37 | 0.35+0.15 | 0.18+0.17
c3 non-arctic grass 3.17£2.98 | 3.43+4.26 | 1.13+0.26 | 1.11£0.25 | 0.01+0.37 | 0.11+0.38 | 0.23+0.17 | 0.17+0.17
c4 grass 3.33£3.23 | 8.67£8.48 | 1.17+£0.34 | 1.27+£0.22 | 0.02+0.38 | -0.00£0.36 | 0.06+0.19 | 0.05+0.22
evergreen | needleleaf evergreen temperate tree 2.46+1.12 | 2.69+£1.26 | 1.66+0.27 | 1.09+0.23 | 0.06+0.34 | 0.06+0.34 | -0.2540.08 | -0.07+0.08
needleleaf evergreen boreal tree 4.54+1.76 | 5.2942.71 | 1.8140.08 | 1.28+0.17 | 0.07+0.32 | 0.09+0.35 | -0.36+0.05 | -0.134+0.06
broadleaf evergreen tropical tree 1.18+0.19 | 0.79+0.30 | 1.53+0.24 | 1.23+£0.25 | -0.17£0.41 | -0.15+£0.40 | -0.11+£0.10 | -0.06%0.11
broadleaf evergreen temperate tree 1.9940.48 | 0.93+0.43 | 1.51+0.22 | 1.20+0.27 | -0.07+£0.35 | 0.01+0.40 | -0.144+0.09 | -0.06+0.09
broadleaf evergreen shrub 2.96£2.11 | 3.50+0.96 | 1.42+0.47 | 0.89+0.22 | -0.11£0.30 | -0.17£0.42 | -0.08+0.10 | 0.06+0.05




