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Abstract Earth system models (ESMs) have been widely used for projecting global vegetation carbon
dynamics, yet how well ESMs performed for simulating vegetation carbon density remains untested. We
compiled observational data of vegetation carbon density from literature and existing data sets to evaluate
nine ESMs at site, biome, latitude, and global scales. Three variables—root (including fine and coarse roots),
total vegetation carbon density, and the root:total vegetation carbon ratios (R/T ratios), were chosen for ESM
evaluation. ESM models performed well in simulating the spatial distribution of carbon densities in root
(r=0.71) and total vegetation (r = 0.62). However, ESM models had significant biases in simulating absolute
carbon densities in root and total vegetation biomass across the majority of land ecosystems, especially in
tropical and arctic ecosystems. Particularly, ESMs significantly overestimated carbon density in root (183%)
and total vegetation biomass (167%) in climate zones of 10°S-10°N. Substantial discrepancies between
modeled and observed R/T ratios were found: the R/T ratios from ESMs were relatively constant,
approximately 0.2 across all ecosystems, along latitudinal gradients, and in tropic, temperate, and arctic
climatic zones, which was significantly different from the observed large variations in the R/T ratios (0.1-0.8).
There were substantial inconsistencies between ESM-derived carbon density in root and total vegetation
biomass and the R/T ratio at multiple scales, indicating urgent needs for model improvements on

carbon allocation algorithms and more intensive field campaigns targeting carbon density in all key
vegetation components.

Plain Language Summary Earth system models (ESMs) have been widely used for projecting
global vegetation carbon dynamics, yet how well ESMs performed remains untested. We used
observational data to evaluate nine ESMs. ESMs performed well in simulating the spatial distribution of
carbon densities in root and total vegetation biomass. However, ESMs performed poorly in simulating
absolute carbon densities in root and total vegetation biomass across the majority of land ecosystems,
especially in tropical and arctic ecosystems. Particularly, ESMs significantly overestimated carbon density in
root and total vegetation biomass in climate zones of 10°5-10°N. Substantial discrepancies between modeled
and observed root:total vegetation ratios were found: the root:total vegetation ratios from ESMs were
relatively constant, approximately 0.2 across all ecosystems, along latitudinal gradients, and in tropic,
temperate, and arctic climatic zones, which was significantly different from the observed large variations in
the root:total vegetation ratios (0.1-0.8). The findings in this study indicate an urgent need for model
improvements regarding carbon allocation algorithms and more intensive field campaigns targeting carbon
density in all key vegetation components.

1. Introduction

Vegetation biomass is one of the most important carbon pools in the biosphere, and it represents the first
major pool of carbon entering the ecosystem via photosynthesis [Chapin et al., 2011]. Carbon density in
aboveground and belowground vegetation pools is a primary factor controlling carbon sequestration in ter-
restrial ecosystems [Jobbagy and Jackson, 2000; Mokany et al., 2006], and one of the most important factors
controlling carbon storage and the carbon residence time in vegetation and soil pools [Carvalhais et al., 2014;
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Friend et al., 2014]. However, carbon residence time varies widely among different plant organs [Raich and
Schlesinger, 1992; Stephenson and Mantgem, 2005], from long-lived woody tissue to relatively short-lived
deciduous leaves, with fine root falling somewhere in-between. Therefore, the relative amount of carbon
in aboveground and belowground vegetation biomass determines ecosystem-level carbon sequestration
capacity [Jackson et al., 1996; Giardina et al., 2014; Canadell et al., 1996; Schenk and Jackson, 2002]. The
root:total (R/T) vegetation biomass ratio has been widely used to quantify vegetation carbon allocation
[Mokany et al., 2006]. A large variation of R/T ratios has been reported across biomes [Mokany et al., 2006;
Jackson et al., 1996]; for example, tundra, grassland, and cold desert biomes have high R/T ratios, ranging
from 0.8 to 0.9, while forests and croplands have relatively low R/T ratios, ranging from 0.1 to 0.3 [Jackson
et al., 1996].

Earth system models (ESMs) have been widely used to reconstruct and project climate systems [Giorgetta
et al, 2013; Jungclaus et al., 2010], and the past five Intergovernmental Panel on Climate Change (IPCC)
reports exclusively depend on ESMs for climate projection. How well the ESMs perform determines the pro-
jected behavior of the climate system. In recent decades, the model performance of ESMs has been evaluated
against soil organic carbon density and turnover [Todd-Brown et al., 2013; He et al., 2016]. A few studies have
also evaluated ESM simulation of vegetation carbon storage at various scales against satellite products [Anav
etal.,, 2013; Jiang et al., 2015; Friend et al., 2014], finding that a large portion of the variability in contemporary
global vegetation carbon stocks across ESMs could be explained by differences in vegetation carbon
residence time [Jiang et al., 2015]. However, aboveground and belowground vegetation carbon densities
simulated by ESMs have not been fully evaluated against observational data.

The large uncertainties in modeled terrestrial carbon processes [Friedlingstein et al., 2006; Good et al., 2013;
Arora et al., 2013] have been attributed to a number of mechanisms, including the lack of important soil car-
bon processes [Todd-Brown et al., 2014; Xu et al., 2013, 2014, 2017], nutrient limitations [Thornton et al., 2009;
Yang et al., 2014], and the coarse representation of permafrost dynamics in the arctic [Schuur et al., 2015]. The
algorithm responsible for vegetation carbon allocation is another key cause for the ESM uncertainty
[Friedlingstein et al., 2006; Ise et al., 2010; Weng and Luo, 2011; De Kauwe et al., 2014] due to large differences
in carbon residence time for aboveground and belowground vegetation biomass. Thus, it is critically
important to accurately evaluate aboveground and belowground vegetation carbon allocation in ESMs in
order to better attribute and further reduce the uncertainties in future climate project [Arora et al., 2013;
Hoffman et al., 2014]. Further, evaluating the simulated vegetation carbon density has dual implications:
(1) the carbon allocation algorithm determines simulated carbon sequestration at the ecosystem level and
and (2) projection of climate system dynamics is based on a realistic vegetation carbon density.

Over the past decades, a large number of observational data sets had been compiled for carbon density in
different organs, such as root biomass and total vegetation biomass [Iversen et al., 2015; Gill and Jackson,
2000; Mokany et al., 2006]. These data sets primarily cover vegetation carbon densities at three different spa-
tial scales: the site level [Iversen et al., 2015; Mokany et al., 2006; Gill and Jackson, 2000], biome level (Good
Practice Guidance for Land Use, Land-Use Change and Forestry (GPG-LULUCF)) [/PCC, 2003], and global level
[Ruesch and Gibbs, 2008]. These data sets are valuable for evaluating model-simulated vegetation carbon,
improving data-model integration, and guiding future field observations [Peng et al., 2015; Luo et al., 2012;
Cadule et al., 2010].

The primary goal of this study was to evaluate carbon density in root and total vegetation biomass, as well as
the root:total vegetation ratios (R/T ratios) from ESM simulations used in the Coupled Model Intercomparison
Project Phase 5 (CMIP5) project. Specifically, three objectives were proposed: (1) to investigate nine ESMs in
simulating carbon density in root and total vegetation biomass, as well as the R/T ratios at different spatial
scales; (2) to examine model-model differences in terms of simulated root and total vegetation carbon den-
sity and analytically attribute the discrepancies to allocation algorithms adopted in these ESMs; and (3) to
identify the uncertainty sources that infer urgent needs for model improvements and field observations.

2. Materials and Methods

2.1. Data Sources

Carbon density in root biomass, total vegetation biomass, and the resulting R/T ratios were compiled at
three spatial scales: the site level, biome level, and global level (Table 1). The synthesized data sets include
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Table 1. Site-, Regional-, and Global-Level Data®

Data Set Description Data Points Source

1 Site-level root and total vegetation biomass 276 Mokany et al. [2006]

2 Site-level root biomass 258 Gill and Jackson [2000]
3 Site-level root and total vegetation biomass 295 Iversen et al. [2015]

4 Biome-level root and total vegetation biomass (GPG-LULUCF) 16 biomes IPCC [2003]

5 Global-level root and total vegetation biomass Spatial map  Ruesch and Gibbs [2008]

¥Notes: GPG-LULUCF: Good Practice Guidance for Land Use, Land-Use Change and Forestry.

829 site-level data points for root and vegetation carbon density [Mokany et al., 2006; Iversen et al., 2015;
Gill and Jackson, 2000], one data set of biome-level root and total vegetation carbon density [IPCC, 2003], and
one data set for global-level carbon density in root and total vegetation biomass [Ruesch and Gibbs, 2008].
The global distribution of site-level data set of carbon density is illustrated in Figure 1.

2.2. Earth System Models

The CMIP5 ESM simulations of root and total vegetation carbon density were downloaded from the Earth
System Grid Federation repository (http://pcmdi9.linl.gov/esgf-web-fe/) in August 2014. Root carbon density
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Figure 1. Spatial distribution of site-level data for (a) root and (b) total vegetation biomass carbon.
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Table 2. Earth System Models and Their Land Components Used for CMIP5

Land Spatial
Models Source Model Resolution
CCSM4 (The Community Climate System Model version 4) National Center for Atmospheric Research, CLM 4.0 0.94° x 1.25°
Unite States
CESM1-BGC (Community Earth System version 1) National Center for Atmospheric Research, CLM 4.0 0.94°x 1.25°
Unite States
CESM1-CAM5 (Community Earth System version 1) National Center for Atmospheric Research, CLM 4.0 0.94° x 1.25°
Unite States
GFDL-ESM2M (Geophysical Fluid Dynamics Laboratory Earth System Model) Geophysical Fluid Dynamics Laboratory, LM 3.0 2.5°x 2°
United States
IPSL-CM5A-LR (L'Institut Pierre-Simon Laplace Coupled Model version 5A low Institute Pierre Simon Laplace, France ORCHIDEE  3.75° x 1.9°
resolution)
IPSL-CM5A-MR  (L'Institut Pierre-Simon Laplace Coupled Model version 5A Institut Pierre Simon Laplace, France ORCHIDEE  3.75° x 1.9°
medium resolution)
IPSL-CM5B-LR (L'Institut Pierre-Simon Laplace Coupled Model version 5B) Institut Pierre Simon Laplace, France ORCHIDEE  3.75° x 1.9°
NorESM1-ME (Norwegian Earth System Model version 1 (intermediate resolution)) Norwegian Climate Centre, Norway CLM 4.0 1.9° x 2.5°
NorESM1-M (Norwegian Earth System Model version 1 (intermediate resolution)) Norwegian Climate Centre, Norway CLM 4.0 1.9° x 2.5°

in the ESM outputs was estimated as the sum of carbon in fine roots and coarse roots, consistent with the
compiled observational data. The CMIP5 historical experiments were forced with observed atmospheric com-
position changes (both anthropogenic and natural sources) and time series of land use and land cover
change [Taylor et al., 2011]. The historical runs were long-term experiments, encompassing much of the
industrial period (from 1850 to 2005) and sometimes referred to as “twentieth century” simulations. In order
to temporally match with the observational data (1990 to 2010), ESM simulation results for 1995-2005 were
extracted. It should be noted that this study focused on annual estimates of carbon density in roots and total
vegetation biomass; the seasonal variation in vegetation carbon density was not evaluated.

Model outputs from nine ESMs were used in this study, and the primary features of these ESMs are listed in
Table 2; detailed information on the land module, vegetation carbon pools, allocation algorithms, and spatial
resolution are in Tables S1 and S2 in the supporting information. The nine ESMs evaluated were (1)
the Community Climate System Model version 4 (CCSM4), (2) Community Earth System version 1
(CESM1-BGC), (3) Community Earth System version 1-Community Atmosphere Model (CESM1-CAM), (4)
Geophysical Fluid Dynamics Laboratory Earth System Model (GFDL-ESM2M), (5) L'Institut Pierre-Simon
Laplace Coupled Model version 5A low resolution (IPSL-CM5A-LR), 6) L'Institut Pierre-Simon Laplace
Coupled Model version 5A medium resolution (IPSL-CM5A-MR), (7) L'Institut Pierre-Simon Laplace Coupled
Model version 5B (IPSL-CM5B-LR), (8) Norwegian Earth System Model version 1 (intermediate resolution)
(NorESM1-ME), and (9) Norwegian Earth System Model version 1 (intermediate resolution) (NorESM1-M).
NorESM1-M has a horizontal resolution of approximately 2° for the atmosphere and land components and
1°for the ocean and ice components. NorESM1-ME is one version of NorESM that includes prognostic biogeo-
chemical cycling. Three different land models are represented in these ESMs: Community Land Model version
4,0 (CLM4.0) is incorporated in CCSM4, CESM1-BGC, CESM1-CAM, NorESM-ME, and NorESM-M; Land Model
3.0 (LM3.0) is incorporated in GFDL-ESM2M; and Organizing Carbon and Hydrology in Dynamic Ecosystems
(ORCHIDEE) is incorporated in IPSL-CM5A-LR, IPSL-CM5A-MR, and IPSL-CM5B-LR. Four model families were
identified: the CESM family includes CCSM4, CESM1-BGC, and CESM1-CAM; NorESM family includes
NorESM1-M and NorESM1-ME; the GFDL model family includes GFDL-ESM2M; and the IPSL model family
includes IPSL-CM5A-LR, IPSL-CM5A-MR, and IPSL-CM5B-LR. Although they share a common land surface
model, we treated the CESM-relevant models and NorESM-relevant as two independent families because
they are coupled with different ocean and atmosphere model components [Flato, 2011]. The reason for
choosing these nine ESMs was that these were the only models that produced the required aboveground
and belowground carbon density in vegetation components needed for this analysis (see Table S1).

2.3. Definitions of Climate Zones and Biomes

In this study, the data points for root carbon density and total vegetation carbon represented a majority of
climatic zones and vegetation types (Figure 1). We grouped the carbon density in roots and total
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vegetation into three climatic zones based on their geographic coordinates: (1) tropical/subtropical zone
(30°S-30°N), (2) temperate zone (30°S-60°S, 30°N-60°N), and (3) arctic/subarctic zone (60°5-90°S, 60°N-
90°N). In addition, 15 vegetation biomes were categorized according to the reported biome types: (1)
tropical/subtropical moist forest, (2) tropical/subtropical dry forest, (3) tropical/subtropical moist woodland,
(4) tropical/subtropical dry woodland, (5) tropical savanna, (6) tropical/subtropical grassland, (7) temperate
coniferous forest, (8) temperate broadleaf forest, (9) temperate shrubland, (10) temperate grassland, (11)
boreal broadleaf forest, (12) subarctic grassland, (13) subarctic arid shrubland/desert, (14) tundra, and
(15) tidal marshes. In order to evaluate the ESM performance against site-level data, the values of indivi-
dual grid cells corresponding to the geographic coordinates of observational data were extracted from
the model outputs of individual ESMs.

2.4. Data Processing and Statistical Analysis

The R program and NCO (netCDF Operators: http://nco.sourceforge.net/) were used for analyzing the obser-
vational data, and processing and visualizing CMIP5 model outputs. An analysis of variance test was carried
out within R Program 3.1.1.1 (www.r-project.org). All data points were spatially widely distributed and inde-
pendent; the original data did not meet normality and were therefore log-transformed before analysis. The
mean and 95% confidence boundaries (mean + 1.96 standard deviation) of carbon density and R/T ratios
were then converted back to original values for reporting. If log-transformation was sufficient for a normal
distribution, the Wilcoxon signed rank test was used to assess statistical significance for comparisons
between observational data and modeled outputs. To be consistent, the underestimation of observed data
by model output was reported as negative, while overestimation was positive in the text.

3. Results

3.1. Comparisons of Carbon Density and R/T Ratios Across Climate Zones

3.1.1. Root Carbon Density Across Climate Zones

Modeled root carbon density differed from observed root carbon density, but this depended on the climatic
zone. In the arctic zone, the mean of modeled root carbon density was 0.59 (95% confidence interval (Cl):
0.51-0.68) kg C/m?, consistent with the observed root carbon density of 0.57 (95% Cl: 0.46-0.70) kg C/m?
(Figure 2a) (p = 0.80). In the temperate zone, the mean of modeled root carbon density was 0.33 (95% Cl:
0.29-0.38) kg C/m?, only ~44% of the observed root carbon of 0.75 (95% Cl: 0.65-0.86) kg C/m? (Figure 2b)
(p < 0.001). In the tropical zone, the mean of modeled results was 1.94 (95% Cl: 1.53-2.45) kg C/m?, more than
twice the observed root carbon density of 0.68 (95% Cl: 0.51-0.91) kg C/m2. However, separating the tropical
climate zone into two subclimate zones gave a more nuanced view of the data-model discrepancies. In the
subtropical zones of 10°S-30°S and 10°N-30°N, ESMs significantly underestimated root carbon density by
approximately —37% (p < 0.001), while in the tropical zone of 10°N-10°S, ESMs significantly overestimated
root carbon density by approximately 183% (p < 0.001).

3.1.2. Total Vegetation Carbon Density Across Climate Zones

Similarly, modeled total vegetation carbon density differed from the observational data. In the arctic zone,
the mean of modeled total vegetation carbon density was 2.76 (95% Cl: 2.34-3.25) kg c/m?, significantly
greater than the observed vegetation carbon density of 1.84 (95% Cl: 1.40-2.41) kg C/m? (Figure 2d)
(p < 0.05). In the temperate zone, the mean of modeled vegetation carbon density was 1.81 (95% Cl: 1.57-
2.08) kg C/m?, approximately 64% of the observed vegetation carbon of 2.84 (95% Cl: 2.35-3.44) kg C/m?
(Figure 2e) (p < 0.001). In the tropical zone, the mean of modeled total vegetation carbon density was
11.20 (95% Cl: 8.89-14.10) kg C/m? much higher than the observed vegetation carbon density of 4.20
(95% Cl: 2.87-6.13) kg C/m? (Figure 2f) (p = 0.04). Similar to root carbon density, ESMs significantly underes-
timated total vegetation carbon density by approximately —38% in the 10°S-30°S and 10°N-30°N subtropical
zones (p < 0.001), while significantly overestimating total vegetation carbon density by approximately 167%
in the 10°N-10°S tropical zone (p < 0.001).

3.1.3. R/T Ratios Across Climate Zones

There were substantial discrepancies between modeled and observed ratios of root carbon to total vegeta-
tion carbon (R/T ratios) in the three climate zones (Figures 2g-2i). While there was a wide variation in R/T
ratios across the observational data, the modeled R/T ratios were generally static, equal to ~0.2 across all
three climate zones. The observed R/T ratios in the tropics, temperate, and arctic zones were 0.21 (95% ClI:
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Figure 2. Paired comparisons of carbon density and root:total vegetation carbon ratio in CMIP5 model outputs and observational data sets in three different climate
zones (Notes: the box plot means the variation range of root carbon from modeled results and observational data in this climatic zone: (a) root carbon density in
arctic, (b) root carbon density in temperate, (c) root carbon density in tropics, (d) total vegetation carbon density in arctic, (e) total vegetation carbon density in
temperate, (f) total vegetation carbon density in tropics, (g) R/T ratio in arctic, (h) R/T ratio in temperate, and (i) R/T ratio in tropics).

0.19-0.23), 0.31 (95% Cl: 0.28-0.34), and 0.56 (95% Cl: 0.51-0.63), respectively. However, ESM simulations of
R/T ratios in these climate zones averaged 0.20 (95% Cl: 0.19-0.21), 0.20 (95% Cl: 0.20-0.21), and 0.22 (95%
Cl: 0.22-0.23). The underestimations were approximately —6% (p = 0.1), —34% (p < 0.001), and —60%
(p < 0.001) for the tropics, temperate zone, and the arctic zones, respectively.

3.2. Comparisons of Carbon Density and R/T Ratios at Biome Level

3.2.1. Biome-Level Root Carbon Density

The ESMs underestimated root carbon density in 10 biomes out of 15 biomes, including tropical/subtropical
moist woodlands (—55%, p = 0.002), tropical/subtropical dry woodlands (—75%, p = 0.001), temperate con-
iferous forest (—51%, p < 0.001), temperate broadleaf forest (—70%, p < 0.001), temperate shrublands
(—60%, p = 0.03), temperate grasslands (—56%, p = 0.01), and tundra (—68%, p = 0.01); ESMs slightly (but
not significantly) underestimated the root carbon density for tropical/subtropical dry forest (—21%,
p = 0.69), subarctic grasslands (—26%, p = 0.21), and subarctic arid shrubland/dessert (—17%, p = 0.55).
ESMs overestimated root carbon density in five biomes, including tropical/subtropical moist forest (37%,
p = 0.01) and tropical savanna (84%, p = 0.04), with smaller overestimations for tropical/subtropical grass-
lands (17%, p = 0.41) and boreal broadleaf forest (15%, p = 0.07). The overestimation was 94% in tidal
marshes. For most biomes, the differences between observed and simulated root carbon in ESMs were larger
than 40% (Figure 3a).

3.2.2. Biome-Level Total Vegetation Carbon Density

There were large discrepancies in total vegetation carbon density between ESMs and observational data in all
15 vegetation biomes (Figure 3b). ESMs underestimated total vegetation carbon density for six biomes,

SONG ET AL.

VEGETATION CARBON DENSITY IN ESMS 2287



@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2017JG003914

—

N »® o

1 1 J
1

4 "

i A\l 1 k&é :éz- |
i i i O O D R

* (A)

s—0

40 - -

—~

=2
=}
=
=}
=
=}
=
QF
2
QF
=z |
QF
.z |
QF
z |
=}
=
=}
=
QOF
=z
QF
=z
=]
=

w._
r~ -
\ |

0O M

(B)

Vegetation Carbon Density
(kgC/m?

=5 ]
1 1 1 1 1 1 L il L L L L L L 1 L 1 L L L L L 1 L L L L Il
OMOMOMOMOMOMOMOMOMOMOMOMOMOM
7 w T w T % 7 w A % 7 E % T % 7 ) % 7 w 7 w A
: " . ©
0.8 1 E B E B e E E B E E E E B E
2 n L | T
= 0.6 - B - - s — - — - R E — b - —
[~ " n L\ p [}
= 044 - - e E - - E =4 " - E - B b E
=4 \ D - T 1 \
0.2 1 E I L iy . 4= - L 4" E E 4= E e E o)
1 ]
0.0 1 1 1 1 1 1 1 L L L L L L L L L L L L L L L L L L L L L
OMOMOMOMOMOMOMOMOMOMOMOMOMOMOM

B1

B2 B3 B4 BS B6 B7 B8 B9 Bl10 Bll Bl12 B13 Bl4 BIS

Figure 3. Comparisons of CMIP5 model outputs against observational data sets (The asterisk indicates significant differences between observations (O) and modeled
results (M) at P < 0.05. A: root carbon density; B: total vegetation carbon density; C: root/total vegetation ratio; B1: tropical/subtropical moist forest; B2: tropical/
subtropical dry forest; B3: tropical/subtropical moist woodland; B4: tropical/subtropical dry woodland; B5: tropical savanna; B6: tropical/subtropical grassland; B7:
temperate conifer forest; B8: temperate broadleaf forest; B9: temperate shrubland; B10: temperate grassland; B11: boreal broadleaf forest; B12: subarctic grassland;
B13: subarctic arid shrubland/desert; B14: tundra; B15: tidal marsh; tropical climate zone includes B1-B6; temperate climate zone includes B7-B10; arctic climate
zone includes B11-B14; B15 is not assigned to any climate zone due to its broad distribution; the red solid rectangles represent observational values, while the
blue open circles modeled values; each pair of observational and modeled result was connected with a solid black line).

including tropical/subtropical dry woodland (—73%, p < 0.001), temperate coniferous forest (—44%,
p < 0.001), and temperate broadleaf forest (—82%, p < 0.001), with smaller (and not statistically
significant) underestimations in tropical/subtropical moist forest (—12%, p = 0.17), tropical/subtropical dry
forest (—20%, p = 0.34), and tropical/subtropical moist woodland (—27%, p = 0.11). In contrast, ESMs
overestimated total vegetation carbon density in nine biomes, including tropical savanna (71%, p = 0.07);
tropical/subtropical grassland (182%, p < 0.001); temperate grasslands (275%, p < 0.001); subarctic
grasslands (167%, p < 0.001); subarctic arid shrubland/desert (108%, p = 0.006), with smaller (and not
statistically significant) overestimations in temperate shrubland (7%, p = 0.68); boreal broadleaf forest
(11%, p = 0.44); and tundra (32%, p = 0.41). The overestimation was 427% in tidal marshes.

3.2.3. Biome-Level R/T Ratios

Two observational data sets were used to evaluate ESM simulations of R/T ratios (Figure 3c); one data set from
our literature syntheses and another data set from the IPCC (GPG-LULUCF). The discrepancies between the
two observational data sets were less than 32%, and the mean of the two observational data sets was used
for evaluating ESM performances. ESMs underestimated R/T ratios in 12 biomes and overestimated R/T ratios
in three biomes. ESMs significantly underestimated the R/T ratios for tropical/subtropical moist woodland
(—33%, p = 0.03), tropical/subtropical dry woodland (—36%, p < 0.001), tropical savanna (—47%,
p < 0.001), tropical/subtropical grassland (—66%, p < 0.001), temperate shrubland (—57%, p < 0.001), tem-
perate grassland (—74%, p < 0.001), subarctic grassland (—70%, p < 0.001), subarctic arid shrubland/desert
(—63%, p < 0.001), and tundra (—78%, p < 0.001). The underestimation in R/T ration is 62% for the tidal
marshes. ESMs slightly (but not significantly) underestimated R/T ratios for tropical/subtropical dry forest
(—6%, p = 0.55) and temperate conifer forest (—11%, p < 0.001). Meanwhile, ESMs significantly
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Figure 4. Latitude patterns of (a) root carbon density, (b) total vegetation carbon density, and (c) R/T ratio of CMIP5 models output and observational data.

overestimated R/T ratios for the tropical/subtropical moist forest (53%, p < 0.001) and boreal broadleaf forest
(10%, p = 0.006), and slightly (but not significantly) overestimated the R/T ratios for temperate broadleaf
forest (3%, p = 0.35).

Both observational data sets showed large variations in the R/T ratio across the 15 biomes (Figure 3c), ranging
from 0.13 (tropical forest) to 0.8 (arctic). However, ESMs did not capture this interbiome variation. R/T ratios
varied within a fairly narrow range across most ESMs, ranging from 0.20 to 0.31 for CCSM4, 0.18 to 0.31 for
CESM1-BGC, 0.19 to 0.33 for CESM1-CAMS5, 0.19 to 0.27 for GFDL-ESM2M, 0.19 to 0.28 for IPSL-CM5A-LR,
0.17 to 0.26 for IPSL-CM5A-MR, 0.19 to 0.27 for IPSL-CM5B-LR, 0.09 to 0.17 for NorESM1-M, and 0.09 to 0.17
for NorESM1-ME.

3.3. Latitudinal Comparisons of Carbon Density and R/T Ratios

3.3.1. Latitudinal Comparisons of Root Carbon Density

All nine ESMs performed well in capturing the latitudinal distribution of root carbon density in the Northern
Hemisphere, while the simulated latitudinal patterns in the Southern Hemisphere were largely biased
(Figure 4a). The ESMs underestimated root carbon density in the latitudinal zones of 70°S-50°S (—80%,
p = 0.006), 30°S-10°S (—56%, p < 0.001), and 50°5-30°S (—27%, p < 0.001). In the tropical zone between
10°S and 10°N, a substantial difference was observed among the nine ESMs; for example, GFDL-ESM2M
and IPSL-CM5B-LR significantly underestimated (< —50%), while CCSM4, CESM1-BGC, NorESM1-M, and
NorESM1-ME significantly overestimated root carbon density (>50%). However, the multiple-model average
was relatively consistent with the observational results (<4% difference, p = 0.001). In the Northern
Hemisphere, ESMs underestimated root carbon density in two latitudinal zones, —62% (p < 0.001) for
70°N-90°N and —13% (p < 0.001) for 10°N-30°N; ESMs performed quite well in capturing root carbon density
for 30°N-50°N. However, four models (GFDL-ESM2M, IPSL-CM5A-LR, IPSL-CM5A-MR, and IPSL-CM5B-LR) sig-
nificantly overestimated root carbon density in the latitudinal zone of 50°N-60°N (>200%).

3.3.2. Latitudinal Comparisons of Vegetation Carbon Density

Similar to root carbon density, a significant underestimation of total vegetation carbon density occurred in
the latitudinal zones of 70°5-50°S (—80%, p = 0.007), 30°S-10°S (—49%, p < 0.001), and 50°5-30°S (—17%,
p = 0.02). A significant overestimation occurred in the latitudinal zones of 70°N-90°N (381%, p < 0.001),
50°N-70°N (110%, p < 0.001), and 30°N-50°N (35%, p < 0.001). The ESMs performed quite well on total vege-
tation carbon density in the latitudinal zone of 10°N-30°N, with less than a 7% (p = 0.24) discrepancy. For the
latitudinal zone 10°S-10°N, there were again large intermodel discrepancies; CCSM4, CESM1-BGC, NorESM1-
M, and NorESM1-ME significantly overestimated total vegetation carbon density; however, the multiple-
model average was relatively consistent with observational results (<12% discrepancy, p = 0.17).
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Figure 5. Differences of (a) root carbon density, (b) vegetation carbon density (kg/mz), and (c) R/T ratios of CMIP5 models
mean and observational data (ESMs mean minus observational data; positives indicate overestimation and negatives
indicate underestimation).
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The latitudinal comparisons of total vegetation carbon density were consistent with results obtained from
site-level comparisons. In the tropical and temperate biomes, ESMs underestimated total vegetation carbon
density, but in the arctic region ESMs severely overestimated total vegetation carbon density. The most
obvious discrepancy occurred between 40°N and 70°N with a substantial overestimation. In addition, discre-
pancies also occurred in a majority of the Southern Hemisphere and tropical areas (Figures 4a and 4b).
3.3.3. Latitudinal Comparisons of R/T Ratios

There was a large discrepancy between observational and simulated R/T ratios along latitudinal gradients
(Figure 4c). ESMs significantly underestimated R/T ratios for most regions and across latitudes (P < 0.001).
The underestimation could be as large as < —80% (p = 0.002) for high-latitude areas, to > —10%
(p < 0.001) for tropical regions. Meanwhile, there were remarkable intermodel variations. For example,
NorESM1-M and NorESM1-ME underestimated the R/T ratios by —80% in the climate zone of 70°N-75°N
and overestimated R/T ratios by 10% in the climate zone of 20°N-30°N. The CESM family (CCSM4, CESM1-
BGC, and CESM1-CAMs) underestimated R/T ratios by —65% for 70°N-75°N and was consistent with observa-
tional data for the region of 20°N-30°N (underestimated > —5%).

3.4. Global Consistency Between Modeled and Observational Carbon Density

Across the globe, patterns in modeled and observed carbon density in root and total vegetation carbon den-
sity were generally consistent, although the magnitude varied (Figure 5). ESM-simulated patterns in root car-
bon density were generally consistent with observational data (r = 0.56); larger root carbon density occurred
in tropical areas and lower root carbon density occurred in arctic and temperate regions. However, an
obvious discrepancy was detected for the absolute values of root carbon density (Figure 5a); ESMs substan-
tially underestimated root carbon density in the tropical zone (e.g., Amazonia and African, and Asian tropical
forest) and overestimated root carbon density in the temperate and arctic zones (~1 kg C/m? difference).

The bias of modeled total vegetation carbon density was highly consistent with root carbon density (r = 0.96)
(Figure 5b): larger underestimation in Amazonia and African tropical forests and intermediate underestima-
tion for the temperate and arctic regions. For the R/T ratios, large bias existed for the Africa desert and the
semiarid region in central Asia. In consistent with analysis across different biomes, no R/T ratio variation
was captured in ESMs; the modeled R/T ratios were relatively narrow across biomes. The spatial distribution
of the bias (modeled-observed R/T ratio) showed contrasting patterns to those for carbon density in root
(r = —0.16) and total vegetation carbon (r = —0.15). The ESMs performed very well in simulating spatial
patterns of the carbon density in root and total vegetation biomass. The spatial distribution of the mean of
nine models was in a good agreement with observational data in root (r = 0.71) and total vegetation carbon
density (r = 0.62). However, the carbon partitioning between aboveground and belowground biomass,
expressed as R/T ratios, was extremely poor as simulated by ESMs (r = —0.11).

3.5. Performance of ESM Model Families

Nine ESMs performed quite consistent in majority of biomes, while large discrepancies occurred in tropical
savanna, tropical/subtropical grassland, temperate grassland, boreal broadleaf forest, subarctic grassland,
subarctic arid shrubland/desert, tundra, and tidal marsh (Figure 6). For root and vegetation carbon density,
the largest biases occurred in tidal marsh in the GFDL-ESM2M model, and the IPSL model family had moder-
ate bias. Most models underestimated R/T ratios in majority of the biomes (Figure 6c). Specifically, all four
model families overestimated R/T ratios in tropical/subtropical moist forest, and the CESM model family
overestimated R/T ratios in boreal broadleaf forest, while the slight overestimations were observed by
CESM and GFDL-ESM2M model families for tropical/subtropical dry forest, IPSL model family for temperate
conifer forest, CESM, and GFDL-ESM2M and IPSL model families for temperate broadleaf forest (Figure 6c).

ESM performance varied substantially along the latitude (Figure 6). ESMs underestimated root carbon density
in the Southern Hemisphere and tropical climate zones (< —100%), while significantly overestimated in por-
tions of the subarctic and arctic (>200% for the regions 50°N-70°N), and slight overestimation also occurred
in a small area in the tropical zone (Figure 6a). Similar spatial patterns were detected in the simulation of total
vegetation carbon (Figure 6b). Although the R/T ratios were simulated to be a relatively constant value across
all ESMs (~0.2), the intermodel variation was dramatic in terms of comparing with observational data. NorESM
model family had the largest discrepancy with observational data at the biome level, and IPSL model family
had the largest discrepancy with observational data across latitudinal zones.
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Figure 6. Differences between modeled root carbon density, vegetation carbon density (kg/mz), and R/T ratios and
observational data (ESMs mean minus observational data; positives indicate overestimation and negatives indicate
underestimation; insets are the latitudinal comparison between modeled and observational results for root and vegetation
densities and R/ratio; 1: tropical/subtropical moist forest; 2: tropical/subtropical dry forest; 3: tropical/subtropical moist
woodland; 4: tropical/subtropical dry woodland; 5: tropical savanna; 6: tropical/subtropical grassland; 7: temperate conifer
forest; 8: temperate broadleaf forest; 9: temperate shrubland; 10: temperate grassland; 11: boreal broadleaf forest; 12:
subarctic grassland; 13: subarctic arid shrubland/desert; 14: tundra; 15: tidal marshes).
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4, Discussion

4.1. Uncertainties in Carbon Densities as Simulated by ESMs

Our results showed that there were large discrepancies in ESM simulations of root and total vegetation car-
bon density. ESMs significantly underestimated root carbon and total vegetation carbon density in portions
of the tropics but overestimated these important pools in the Arctic. Both the tropics and the Arctic are pre-
dicted to be highly sensitive to global climate changes [Bonan, 2008a, 2008b; Pounds et al., 1999; Overpeck
et al., 1997], and the uncertainties in model estimation of carbon stocks in the tropics and the Arctic might
significantly affect the projected carbon-climate feedbacks. Our results are consistent with other studies
[Friend et al., 2014; Rammig et al., 2010], revealing large uncertainties in simulations of global carbon balance
using ESMs, where these uncertainties were mainly attributed to the differences in the predicted change in
the Amazonia tropical region [Rammig et al., 2010] and the Arctic area [Krinner et al., 2005; Dunne et al., 2013].

The large discrepancies in carbon density between observations and ESM simulations were consistent
across different scales. ESMs underestimated vegetation carbon density in the majority of tropical and
temperate biomes but substantially overestimated vegetation carbon density in arctic biomes. The discre-
pancies of nine ESMs’ simulation primarily occurred in three biomes: tidal marshes, temperate grassland,
and tropical/subtropical grassland (Figure 3b).

4.2. Discrepancies in R/T Ratios as Simulated by ESMs

The underestimation of R/T ratios across all three climate zones suggested that either ESMs allocated less
carbon belowground, or they simulated a faster root turnover rate. In tropical and temperate regions, the dis-
crepancy in R/T between models and observations is likely due to less carbon allocation to belowground
vegetation by the ESMs; in the arctic, the discrepancy is likely due to an overestimation of aboveground bio-
mass by the ESMs. These large discrepancies suggest that the algorithm controlling carbon allocation are a
key source of uncertainty [Houghton, 2007; Arora et al., 2013; Hoffman et al., 2014]. Furthermore, the relatively
inflexible R/T ratios across ESMs (~0.2 across different biomes), which were significantly biased from the field
observational data, may produce large uncertainties for carbon-climate feedback [Friedlingstein et al., 2006]. A
recent theoretical study [Kleidon et al., 2007] demonstrated that the relatively narrow range of values for
vegetation parameterization across different biomes in a coupled climate-vegetation model might have
led to unrealistic multiple steady states when compared with a more variable representation of vegetation
traits. It indicated that the estimation of vegetation carbon pools was not well represented, leading to an
unrealistic carbon sink or source in land ecosystems [Anav et al., 2010].

Total vegetation carbon is an important factor affecting carbon stocks in terrestrial ecosystems, and hence
influencing how ecosystem carbon sequestrations respond to climate change [Jackson et al., 1996;
Canadell et al., 1996; Schenk and Jackson, 2002; Giardina et al., 2014]. In terrestrial ecosystems, vegetation car-
bon is eventually transferred to the soil through litter fall, root turnover, or death of individual plants, thus
providing the substrate for the formation of soil organic carbon. Giardina et al. considered that warming-
related increases in soil CO, efflux were explained by increased belowground carbon flux [Giardina et al.,
2014; Bond-Lamberty and Thomson, 2010]. Therefore, the underestimation of R/T ratios can significantly affect
simulated soil carbon storage and belowground carbon fluxes [Arora et al., 2013]. The relative importance of
root carbon allocation for ecosystem carbon and nutrient fluxes, as well as long-term soil carbon storage,
depends on the relative allocation of carbon to fine roots (micrometer to millimeter in diameter) compared
with coarse roots (millimeter to centimeter in diameter). Fine roots are responsible for plant nutrient and
water acquisition, and turnover on a timescale of month to years, while coarse roots and rhizomes are used
for structure and storage, and for woody plants behave similarly to wood. The role of fine roots and their asso-
ciated functional traits in land surface models and ESMs has been gradually gaining attention in recent years
[McCormack et al., 2015; Warren et al., 2015]. Therefore, more field measurements on individual vegetation
components will be critically important for better parameterizing and validating the allocation algorithm
within land surface models.

Although CESM and NorESM share same land model (CLM), significantly different R/T ratios were simulated
by CESM and NorESM. The CESM simulated R/T ratios were much closer to the observational data than those
of the NorESM family. In addition, even though the land models use different carbon allocation mechanisms,
they each represented a similar range of carbon ratios inside of the models (very close to 0.2).
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4.3. Attributions of ESM Uncertainties

There are several potential reasons for the discrepancies we have shown between observed and modeled
carbon density. First, vegetation parameters are not well constrained with field observations in tropical
and the arctic regions. While data assimilation is currently becoming a popular technique to more properly
combine numerical models with observational data [Luo et al., 2012], we urgently need to explore and eval-
uate how current numerical implementations of vegetation allocation represent biological processes, parti-
cularly when we lack global-scale observations [Thomas et al., 2015]. Second, ESMs are getting more and
more complicated, and a growing number of mechanistic models require more field data to better constrain
the processes incorporated in the model. For example, insufficient observational data in tropical and arctic
regions and in biomes underlain by organic soils, such as tundra and tidal marshes, are a bottleneck for model
parameterization [Wullschleger et al., 2014]. Therefore, an integrative data-model fusion approach is highly
needed to better evaluate the model outputs and improve model behavior.

Third, the mismatch between the vegetation maps used by ESMs and the real vegetation distribution should
be acknowledged when interpreting this study. Vegetation classification is a critical factor determining the
simulation accuracy of land surface models. If the land models do not represent the natural vegetation cor-
rectly, large simulation biases are likely [Krinner et al., 2005; Oleson et al., 2010; Dunne et al., 2013]. In this study,
the land surface model of LM3.0 only represents five vegetation types [Dunne et al., 2013], while ORCHIDEE
considers 12 vegetation types [Krinner et al., 2005], and CLM4.0 classifies vegetation into 15 PFTs (plant func-
tional types) [Oleson et al., 2010]. Among these vegetation types, only CLM4.0 has an arctic PFT (a C3 arctic
grass); LM3.0 and ORCHIDEE do not represent any specific vegetation type for the arctic region. Fourth, the
temporal framework for data-model comparison might be another reason for the biases; model outputs were
averaged for the time period of 1995-2005, while the field observational data span from 1980s to the 2000s
and the exact date is often unavailable [Gill and Jackson, 2000; Jackson et al., 1996].

Fifth, the vegetation carbon allocation algorithm varies among ESMs, though the small range of R/T ratios
implemented in the ESMs we examined was far narrower than the observations [Jackson et al., 1996;
Mokany et al., 2006], especially the two models of NorESM1-M and NorESM1-ME. The ESMs in this study repre-
sent three strategies for carbon allocation: fixed carbon ratios in CLM4.0 [Thornton et al., 2009; Yang et al.,
2014], resource limitations theory in ORCHIDEE [Parton et al., 1987], and dynamic phenology in LM3.0
[Dunne et al., 2013] (Table 2). These strategies are inherent in the number of different carbon pools in the
ESMs, with 20 carbon pools in CLM 4.0, 8 carbon pools in the ORCHIDEE, and 5 carbon pools in the LM 3.0.
These carbon pools were linked to the physical functioning of the land surface in terms of solar radiation
absorption, nutrient availability, and soil moisture dynamics. We note that the simulations of ESMs that
employed more carbon pools were more consistent to the observations, especially in the arctic regions
(Figure 6). To reflect the differences among model strategies, we have summarized the characteristics of
the three models in the supplementary information (Table S2). We conclude that improvements are needed
for ESM simulation of vegetation carbon allocation, consistent with De Kauwe et al. [2014].

Sixth, there were inconsistencies in data-model comparisons at the biome and climate zone levels, which
were caused by the difference in data sets at these two scales. Biome-level data covered all biomes from
different regions, while data for each climate zone represented an entire latitudinal band. Seventh, the
comparisons between observational data and modeled output in this study were carried out at an annual
scale, which ignored the seasonality of larger vegetation carbon density. This was necessary because the
observational data compiled in this study was collected across multiple years, generally without any seasonal
information. Also, the model output was annual vegetation carbon density according to the CMIP5 protocol.
We acknowledged that this might have caused bias in our evaluation, and further comparison might be
needed as data become available in near future and model output procedures change.

Last, but not least, the other modeling components in the ESMs might have contributed to the biases of simu-
lated carbon density in root and total vegetation biomass. A recent study showed that the ESMs of CMIP5
were inadequate to represent ecosystem and climate feedback resulting from the arctic area [Schaefer
et al., 2011]. These discrepancies may be caused by difficulty in reproducing the climate conditions and
the complex hydrological and thermal dynamics in ecosystems underlain by permafrost [Walsh et al., 2002;
Schaefer et al., 2011], or by unoptimized parameters [Schaefer et al., 2011]. In addition, the CESM and
NorESM model families had similar performances regarding carbon density and R/T ratios, likely due to
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the shared land surface model, CLM, in both ESMs. However, the magnitude of the model bias varied across
biomes and along latitudes. For example, for most vegetation types including the tropical/subtropical
moist forest, tropical/subtropical moist woodland, and tropical/subtropical grassland, vegetation carbon den-
sity simulated by the NorESM model family was about 20-150% less than that estimated by CESM model
family (Figure 6).

5. Conclusions

We evaluated the carbon density in root and total vegetation biomass (and their ratio) as simulated by nine
Earth system models used in CMIP5 against observational data; the comparisons were carried out across cli-
mate zones, biomes, along latitudinal gradients, and at the global scale. We identified large discrepancies
between CMIP5 model results and observations in terms of their simulated carbon density and R/T ratios.
ESMs significantly underestimated root carbon in parts of the tropical and temperate climate zones, but
substantially overestimated total vegetation carbon density in the arctic climate zone. While R/T ratios are
identified as an one important model parameter in simulating the carbon-climate feedback, nevertheless,
our results showed that ESMs underestimated R/T ratios across most biomes (except the tropical moist forest)
and at the global scale. In addition, the vegetation R/T ratios simulated by ESMs were relatively constant,
averaging 0.2 across biomes and latitudes, which was significantly different from observed variation in R/T
ratios in various biomes.

The large mismatch of ESMs in comparison to observational data underscores an urgent need to improve
the carbon allocation algorithms within Earth system models. The functional dynamic allocation and opti-
mization resource algorithms seemed to perform better for model simulation of carbon density and R/T
ratios. However, intensive field campaigns that target an improved understanding of carbon allocations
under complex of climatic and environmental conditions are still sorely needed to inform model structure
and processes.
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5.2. Data Accessibility

The compiled site-level data are available as a supporting information. The global maps of root and total
vegetation carbon density are available at the Carbon Dioxide Information Analysis Center [http://cdiac.
ornl.gov], Oak Ridge National Laboratory, Oak Ridge, Tennessee. The model outputs from nine Earth system
models were downloaded from the Earth System Grid-Center for Enabling Technologies, on the page http://
pcmdio.linl.gov/.
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