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Abstract

Changes to global net primary production (NPP), vegetation biomass carbon (VegC),
and soil organic carbon (SOC) estimated by six global vegetation models (GVM) ob-
tained from an Inter-Sectoral Impact Model Intercomparison Project study were exam-
ined. Simulation results were obtained using five global climate models (GCM) forced5

with four representative concentration pathway (RCP) scenarios. To clarify which com-
ponent (emission scenarios, climate projections, or global vegetation models) con-
tributes the most to uncertainties in projected global terrestrial C cycling by 2100,
analysis of variance (ANOVA) and wavelet clustering were applied to 70 projected sim-
ulation sets. In the end of simulation period, the changes from the year of 2000 in all10

three variables considerably varied from net negative to positive values. ANOVA re-
vealed that the main sources of uncertainty are different among variables and depend
on the projection period. We determined that in the global VegC, and SOC projec-
tions, GVMs dominate uncertainties (60 and 90 %, respectively) rather than climate
driving scenarios, i.e., RCPs and GCMs. These results suggested that we don’t have15

still enough resolution among each RCP scenario to evaluate climate change impacts
on ecosystem conditions in global terrestrial C cycling. In addition, we found that the
contributions of each uncertainty source were spatio-temporally heterogeneous and
differed among the GVM variables. The dominant uncertainty source for changes in
NPP and VegC varies along the climatic gradient. The contribution of GVM to the un-20

certainty decreases as the climate division gets cooler (from ca. 80 % in the equatorial
division to 40 % in the snow climatic division). To evaluate the effects of climate change
on ecosystems with practical resolution in RCP scenarios, GVMs require further im-
provement to reduce the uncertainties in global C cycling as much as, if not more than,
GCMs. Our study suggests that the improvement of GVMs is a priority for the reduction25

of total uncertainties in projected C cycling for climate impact assessments.
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1 Introduction

Terrestrial ecosystems play important roles in the C cycling of climate systems and
in various ecosystem services (e.g., water supply, and wild habitats for biodiversity);
however, their ecosystem functions are threatened by climate change (Scholze et al.,
2006; Mooney et al., 2009). Previous model inter-comparison studies (e.g., VEMAP5

(Kittel et al., 1995), Potsdom DGVMs (Sitch et al., 2008), C4MIP (Friedlingstein et al.,
2006), and CMIP5 Arora et al., 2013) have demonstrated a lack of coherence in future
projections of terrestrial C cycling among global land models because of the differ-
ences in their representations of system processes. For climate change impact as-
sessments, the cascade of uncertainty sources must be considered (Wilby and Des-10

sai, 2010; Falloon et al., 2014). The concentrations of greenhouse gases, temperature,
and precipitation are critical factors in determining the feedback of terrestrial ecosys-
tems to atmospheric carbon dioxide (CO2) (Seneviratne et al., 2006). These factors
could become more important for terrestrial ecosystem C cycles under future higher
CO2 concentrations and climate change conditions (Gerten et al., 2005). The recent15

International Panel on Climate Change assessments (AR5) took anthropogenic CO2
emission uncertainties into account in a Representative Concentration Pathway (RCP)
scenario (Moss et al., 2010; Van Vuuren et al., 2011). Future changes in temperature
and precipitation have large spatial and temporal uncertainties even at the same ra-
diative forcing levels because of different structures and parameters of global climate20

models (GCM) (Knutti and Sedláček, 2013). These differences could affect the global
C budget of terrestrial ecosystems. Global vegetation models (GVMs) (e.g., global dy-
namic vegetation model, components of earth system model) also have inherently
large uncertainties because of differences in model structures and parameters (e.g.
Friedlingstein et al., 2006; Sitch et al., 2008). Thus, for projected C cycling, various25

uncertainty sources exist across different phases.
For climate impact assessments and adaptations, different levels of uncertainty

sources should be considered to manage climate change risks. Such information in
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impacts assessments may benefit from experiences gained in the climate modeling
community (and vice-versa) (Falloon et al., 2014). In addition, determining which un-
certainty source is dominant in the projection is an import aspect in recognizing the
limitations of ecosystem C cycling projection and climate impact assessment by means
of GVM and GCM. However, to date, how each uncertainty source (CO2 concentration,5

GCM, and GVM) matters in regions and periods affected by climate change still remain
to be clarified in climate impacts research.

In this study, we examined C dynamics in six GVMs obtained from the Inter-sectoral
Impact Model Intercomparison Project (ISI-MIP) (Warszawski et al., 2014). Four GVMs
were used to investigate the possible responses of global natural terrestrial vegetation10

as part of ESMs in CMIP5 (Taylor et al., 2012). In ISI-MIP, these GVMs were simu-
lated using five GCMs forced with four newly developed climate scenarios, i.e., RCP in
CIMP5 experiments (Taylor et al., 2012). In this MIP, orthogonal experiment design on
RCP, GCM, GVM was adopted. A total of 70 independent simulation sets were used
in this study, which enabled us to evaluate the relative contributions to total uncertainty15

of the projection factors (emission scenarios, climate projections, and global vegeta-
tion models) in terrestrial C cycling. Our objective was to explore the comprehensive
uncertainties in future global terrestrial C projections by inter-comparison of models.

2 Data and methods

2.1 Model and simulation protocol20

We examined the global annual net primary production (NPP), vegetation biomass
carbon stocks (VegC), and soil organic carbon (SOC) using six global vegetation mod-
els obtained from the ISI-MIP. The GVMs are Hybrid4 (Friend and White, 2000), JeDi
(Pavlick et al., 2013), JULES (Clark et al., 2011), LPJmL (Sitch et al., 2003), SDGVM
(Woodward et al., 1995), VISIT (Ito and Inatomi, 2012), which models simulated under25

multiple GCMs and RCPs in ISI-MIP. Hybrid4, Jedi, LPJmL, and JULES are dynamic
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global vegetation models (DGVMs), and the other models use a fixed land cover map
in this study. These models are simulated in 5 GCMs×4 RCP scenarios. HadGEM2-
ES (HadGEM), IPSL-CM5A-LR (IPSL), MIROC-ESM-CHEM (MIROC), GFDL-ESM2M
(GFDL), and NorESM1-M (NorESM) are the GCMs from a CMIP5 experiment (Taylor
et al., 2012) with bias correction for temperature and precipitation performed by Hempel5

et al. (2013). In this study, to focus on climate change impacts on terrestrial ecosys-
tem C cycling, no anthropogenic land-use changes were considered in the simulation.
The global climate variables (atmospheric CO2 concentration, global mean tempera-
ture anomaly ∆T (◦C), global precipitation anomaly ∆P (%)) in each RCP scenario for
all GCMs are summarized in the Supplement.10

2.2 Statistical analysis

We used three-way analysis of variance (ANOVA) for global ∆NPP, ∆VegC, and ∆SOC
(changes from the year of 2000) at each year as factors for RCP, GCM, and GVM, and
their interactions to decompose total variance in all ensembles into each factor (Yip
et al., 2011). We calculated the Type II sum of square in ANOVA using R (R Core Team,15

2012). In this study framework, overall uncertainty represented as variance (σ2
overall) can

be expressed as follows:

σ2
overall =σ2

RCP
+σ2

GCM
+σ2

GVM
+σ2

RCP×GCM

+σ2
RCP×GVM

+σ2
GCM×GVM

+σ2
RCP×GCM×GVM20

For grid-based assessment, also, we conducted ANOVA for ∆NPP, ∆VegC, and
∆SOC in each grid at two projection period (2055, 2099). For simplification, in grid
based assessment, we have not considered the interaction terms (i.e., σ2

RCP×GCM,

σ2
RCP×GVM, σ2

GCM×GVM, σ2
RCP×GCM×GVM). In addition, from the grid-based maps, we com-

piled the dominant uncertainty source on the basis of the observation based present-25

day köppen-Geiger climatic divisions (Kottek et al., 2006). The five major climate types
are equatorial (A), arid (B), warm temperature (C), snow (D), and polar climates (E).
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We applied wavelet clustering (Rouyer et al., 2008) to the available ∆NPP, ∆VegC,
and ∆SOC time series data set simulated under four RCP scenarios in all GCMs. Be-
fore applying this analysis, we standardized the time series data set to 0 at the year
2000, and applied wavelet transformation to each standardized data set to decompose
the time series signal in both time and scale (Gouhier and Grinsted, 2012). With this in-5

formation, after defining a metric to measure the pairwise distance among the extracted
components, we built a dissimilarity matrix among the scenarios. Thus, we computed
dissimilarity among multiple wavelet spectra of the time series data and clustered them
using a hierarchical tree clustering method. This procedure enabled us to consider
the variability of the time series in both time and frequency domains and to cope with10

aperiodic components, noise, and transient dynamics in the cluster analysis (Rouyer
et al., 2008). To compare the dendrograms between each variable, we calculated the
cophenetic correlation coefficient (Sokal and Rohlf, 1962).

3 Results

3.1 Global NPP, VegC, and SOC changes during 1970–209915

At the end of the simulation period, ∆NPP ranged from −7.0 to 54.3 Pg-C Year−1,
∆VegC ranged from −27 to 543 Pg-C, and ∆SOC ranged from −195 to 471 Pg-C in the
entire simulation set. The variance of ∆NPP increased with time and was the highest in
RCP8.5. This was true for the other variables (∆VegC and ∆SOC). NPP increased in
RCP8.5, except in the Hybrid4 model. NPP in Hybrid4 forced with two GCMs (HadGEM20

and MIROC) showed negative values by 2099. Global VegC stocks increased in almost
all RCPs and GVMs compared to global VegC in 2000. However, the global Veg stocks
in LPJmL peaked at ca. 2050 and then declined toward 2100. In the projection period
(2000–2099), the SOC stock in the five models (except for Hybrid4) increased in all
RCPs compared to that in 2000.25
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3.2 The contribution of each uncertainty source to Global ∆NPP, ∆VegC, and
∆SOC

Figure 2 presents the fraction of uncertainty for each variable. For NPP, the GCM un-
certainty dominated before the year 2020, and the RCP uncertainty increased and
dominated after 2040. The GVM uncertainties were approximately 20 % in most of the5

simulation period. For VegC, the RCP uncertainty also increased gradually after 2020
and became approximately 40 % of the total variance by 2100. The GVM uncertainty
dominated for most of the projection period; however, it decreased after 2040 by 40 %
of the total variance. For SOC, the GVM uncertainty dominated throughout the projec-
tion period, and its average was 92 % of the total variance.10

3.3 Global ∆NPP, ∆VegC, and ∆SOC

The clustering wavelet spectra identified three main groups for NPP, seven main groups
for VegC, and four main groups for SOC (Fig. 3a–c). In the dendrogram of NPP
(Fig. 3a), one cluster was aggregated mainly by the Hybrid4 model; however, all com-
ponents (RCP, GCM, GVM) poorly differentiated aggregations in the other clusters. In15

the dendrogram of VegC, six clusters were mainly constituted by GVM, and another
cluster comprised only one GCM (GFDL), including four GVMs. In the dendrogram of
SOC, the main four clusters were clustered mostly on the basis of one or two GVMs
rather than RCPs and GCMs. Considering each GVM model, in the JeDi cluster, the
RCPs differentiated the clusters between RCP2.6 and RCP8.5 appropriately. However,20

there was no consistent trend for clustering by RCPs in other GVMs. The cophenetic
correlation coefficients, i.e., the index of dendrogram similarity, were 0.01 (p = 0.39)
between NPP and VegC, 0.04 (p = 0.24) between NPP and SOC, and 0.16 (p < 0.01)
between VegC and SOC, which values indicate rather low similarities among the three
dendrograms.25
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3.4 Regional maps

The strength of each uncertainty source to total variance showed geographically het-
erogenity in each variables (Fig. 4). For ∆NPP, GCM considerably contributed total
variance in many parts of the world at 2055, however, at 2099, the variance mainly
explained by GCM were observed in limited regions compared to those at 2099. RCP5

dominant uncertainty source regions were observed in part of tropics (South East Asia)
to cool temperate regions (North America) in 2099 for ∆NPP. For ∆VegC, GCM are
more dominant contributions to each grid total variance in almost regions at both peri-
ods. For ∆SOC, GVM was dominant uncertainty source to each grid total variance in
almost regions in both periods. GCM was observed as the dominant uncertainty source10

in some regions such as South-West US, Sahara regions for ∆SOC.
In terms of climatic divisions, the dominant uncertainty source clearly showed dif-

ferent patterns in ∆NPP and ∆VegC along with the equatorial climate (A) to the snow
climate (D) (Fig. 5). The contribution of GVM to ∆NPP variance decreases as the cli-
mate gets cooler in NPP (Fig. 5a). In the each major climatic division, the seasonally15

drier divisions (m, s, w) tended to showed a higher contribution of GCM, compared to
the division with fully humid season (f). Similarly, in the arid climates (BW and BS), the
contribution of GCM to the uncertainties in all variables was relatively higher contri-
butions to the uncertainties in all variables (Fig. 5a–c). Unlike global ∆NPP and global
∆VegC, GVM was dominant in tropic climates (Af – Aw), while RCP are not dominant in20

these regions, even in 2100. In Cf, Ds, Dw, and ET, RCP was the first and second dom-
inant uncertainty source (from 30 to 50 % area) in each climatic division. For ∆SOC,
GVM were dominant in a broad area of all climate divisions as seen for shown in global
∆SOC. In addition, there were negligible areas where RCP dominate the uncertainty
in ∆SOC for all climatic divisions.25
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4 Discussions

In the historical period (1970–2000), models simulated historical NPP, VegC, and SOC
trends in the same way among GCMs. However, at the end of projection period,
the differences were markedly broad for all variables (Fig. 1). In particular, NPP and
SOC varied from a net sink to a net source in the highest baseline emission sce-5

nario (RCP8.5). In higher emission scenarios, the total uncertainties for all variables
increased to a greater extent. The total uncertainties for each variable in this study
were comparable or greater than those for the projected C cycling in a previous inter-
comparison of model (Sitch et al., 2008; Todd-Brown et al., 2013) even with a smaller
number of GVMs.10

Compared to previous model inter-comparison studies regarding terrestrial C cy-
cling, the ISI-MIP study has an important simulation protocol advantage, i.e., it is a par-
tial factorial experiment with three independent treatments of CO2 emission scenario
(RCP), GCM, and GVM. Therefore, uncertainty can be decomposed to the sum of
inter-class variance (σ2

RCP, σ2
GCM, σ2

GVM, and the interactions) and within-class variance15

(σ2
resid). The ANOVA results revealed quite different contributions to the total uncer-

tainties for each source, and it varied with projection period (Fig. 2). While GCMs are
dominant sources of uncertainty for NPP early in the projection period (2000–2040),
RCP dominates later in the projection period (2050–2100) (Fig. 2). This trend of in-
creasing RCP importance is similar to VegC (Fig. 2). This may be attributed to the20

enlargement of CO2 concentration difference among RCPs in this period. The inter-
action terms as a uncertainty source were significant (p < 0.05 level, not described)
and contributed considerably to total uncertainties (up to 20 %) in NPP, indicating that
different sensitivities to the CO2 fertilization effect on vegetation processes among the
GVMs (Friend et al., 2014) also contributed to projection uncertainties. Regarding the25

CO2 fertilization effect, for NPP and VegC, the cluster analysis suggested uniqueness
in the Hybrid4 model projection (Fig. 3a and b). This is partially due to Hybrid4 hav-
ing strong stomatal responses to elevated vapor pressure deficits, and thus simulated
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negative NPP between 2080–2100 even in higher CO2 condition (Friend et al., 2014).
Furthermore, only Hybrid4 has a fully coupled N cycle in this study, therefore, as well
as CO2 fertilization effect, the implementation of the N cycle in more models is required
for more plausible effects of CO2 fertilization in terrestrial C projection (Thornton et al.,
2009).5

On the other hand, the uncertainties in SOC changes driven by GVM are substan-
tially large and were dominant in the entire simulation period (Fig. 2), which may sug-
gest that SOC processes are not well constrained by the observation data or between
models. RCPs and GCMs differentiated clusters poorly for the time series data of global
SOC stocks (Fig. 3c), suggesting that the uncertainties derived from the GVMs over-10

whelmed those derived from the climate scenarios. In addition, our analysis showed
that the cluster dendrogram for VegC (Fig. 3b) did not correlate strongly with that for
SOC (R = 0.16 in cophenetic correlation), i.e., the SOC processes contributed consid-
erably to GVM-driven clustering in the dendrogram for SOC. Another ISI-MIP study
has shown that the sensitivity of global SOC decomposition to increasing global mean15

temperature varied significantly among GVMs (Nishina et al., 2014). Temperature sen-
sitivities of SOC may be one of the key factors for reducing terrestrial C projection
uncertainty.

In light of geographic distribution, we found the contributions of each uncertainty
source to each grid variance were spatially heterogenous (Fig. 5), although the total20

contributions of each uncertainty source in grid based assessment (Fig. 4) are roughly
agreed with Fig. 2 in each period (2050, 2099). These heterogeneities could be coor-
dinated with the climatic divisions (Fig. 5). For example, in ∆SOC, GVMs is also main
contributor in almost regions in both periods (2050 and 2099). However, the grid based
assessment revealed geographically distinct regions in each uncertainty source. Al-25

though GCM was not large contributor in global SOC dynamics (Figs. 4 and 5), GCM
largely contributed the uncertainty in arid (BW) to semi-arid (BS) regions (e.g., Sub Sa-
hara, South-West US, South America (Pampa), Central Asia, Australia) in all variables.
In CMIP5 study, Sillmann et al. (2013) reported that changes in precipitation patterns
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in their regions showed the low degree of coincidence among GCMs. These results
suggest that the projection of precipitation patterns among GCMs are critically impor-
tant to evaluate climate change impact on ecosystem conditions and their C stocks in
these regions (figure as in supplemental file). Although the carbon stocks and changes
in their regions are not large, it it important to predict local climate condition uncer-5

tainties for local climate prediction of ecosystem changes under climate change. In
NPP and VegC at 2099, GVM is dominant source in semitropical-to-tropical climate
zones (especially in south-east Asia, Latin America, Central Africa), whereas GVM is
not dominant in global ∆NPP in this period. This implicated that modification of tropical
rainforest C cycling is critical for to reduce uncertainties in global NPP. In broad terms,10

the contribution of GVM as an uncertainty source in ∆NPP become less in the cooler
climatic regions (C–D); however, the contributions of GVM to ∆VegC were larger in the
cooler climatic regions (Fig. 5). This inconsistency can be explained by the large differ-
ences in vegetation turnover rate in the northern ecosystems among GVMs because of
the different representations of vegetation dynamic processes (i.e., forest fire, N cycle,15

senescence, and so on) (Friend et al., 2014). These results highlight that model im-
provement on the basis of plant functional type (corresponding to the climate divisions)
could be important to effectively reduce uncertainty in climate impact assessments.

Our results do not mean that GCMs are not important to the uncertainties of VegC
and SOC projection from the point of global C stocks. For example, under RCP8.5,20

the Hybrid4 model simulated that VegC diverged considerably among GCMs by 2100
(from 162 to 547 Pg-C). In addition, one of the GCMs (GFDL) identified a small clus-
ter across four GVMs for VegC (Fig. 3b). Moreover, in Ahlström et al. (2012), one
DGVM forced with 10 different GCMs showed a difference of approximately 500 Pg-C
among the projections of global terrestrial C stock (VegC & SOC) changes by 2100.25

Also, we should pay attention to the numbers of GCMs and impact models in our study
would affect the results. Hence, our results indicate a smaller contribution by GCM to
total uncertainties than a lack of inter-global vegetation model constraints due to in-
sufficient validations in SOC and VegC processes by global observations. In the case
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of RCP2.6, the model projections were comparable for ∆NPP; however, ∆VegC and
∆SOC differed significantly. This implies that internal ecosystem processes such as
photosynthate partitioning and mortality were poorly constrained in the GVMs. Also,
their process uncertainties considerably affect SOC dynamics as a C source via lit-
ter inputs. More observation-based model inter-comparison (e.g., MsTMIP, Huntzinger5

et al., 2012) by each component is required for GVMs to reduce overall uncertainty.
For SOC dynamics, the empirical estimations using observation-based heterotrophic
respiration (Bond-Lamberty and Thomson, 2010; Hashimoto, 2012) are available for
validation of SOC decomposition processes. In addition to each model modification, in
future, multiple land-use scenarios should also be considered in projections to com-10

prehend additional potential uncertainties (σ2
land.use) in the global terrestrial C budget.

Also, the use of bias-corrected GCM forcing data will likely affect the C dynamics as
well as the projections in hydrological models (Haddeland et al., 2011; Ehret et al.,
2012), however, there were still lack of validation in the effect of various bias correction
methods on C cycling projection and their relative uncertainty.15

5 Conclusions

In conclusion, by combining multiple GVMs, GCMs, and RCP scenarios, we found the
different contributions of each factor to total uncertainty, which is highly dependent on
the variables (NPP, VegC, and SOC), projection periods, and regions. The contribu-
tion of each source of uncertainty in these variables showed different patterns against20

the hydrological variable simulated by global hydrological models from another ISI-MIP
study (Wada et al., 2013). In particular, for global SOC projection, uncertainty driven
by GVM was greater than that of climate scenarios, i.e., RCPs and GCMs. The un-
certainties associated with SOC projections are significantly high, and the global SOC
stocks by 2099 shift from net CO2 sources to net sinks (from −195 to 471 Pg-C). The25

CO2 emission scenario (RCP) as an uncertainty source is important for the late projec-
tion period for both NPP and VegC. Moreover, CO2 fertilization sensitivity of vegetation
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processes is important quantitatively for future C projection uncertainty. To evaluate cli-
mate change impacts on ecosystem with practical resolution to RCP scenarios, GVMs
require further improvement to reduce global C cycling uncertainties as much as, if not
more than, GCMs.

The Supplement related to this article is available online at5

doi:10.5194/esdd-5-1197-2014-supplement.
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Figure 1. Global annual NPP, VegC stock, and SOC stock changes.
The boxplot summarizes the values at the end of simulation period.
Open circles represent outliers if the largest (or smallest) value is
greater (or less) than 1.5 times the box length from the 75% per-
centile (or 25% percentile).

Figure 1. Global annual NPP, VegC stock, and SOC stock changes. The boxplot summarizes
the values at the end of simulation period. Open circles represent outliers if the largest (or
smallest) value is greater (or less) than 1.5 times the box length from the 75 % percentile (or
25 % percentile).
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Figure 2. Fraction of variance derived from the emission scenario (RCPs), GCMs, and GVMs
for annual NPP, VegC, and SOC changes. The variances were estimated by three-way ANOVA.
The fraction in interactions includes the sum of variations of interaction terms (RCP×GCM,
RCP×GVM, and GCM×GVM).
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Figure 3. Cluster tree of wavelet spectra for the NPP (a), VegC (b), and SOC (c) for
5 GCMs×4 RCPs from 1971–2099.
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Figure 4. Geographic distribution of fraction of variance derived from the emission scenario
(RCPs), GCMs, and GVMs for annual NPP, VegC, and SOC changes from 2000 to 2050 and
2099 in each grid cell. The variances were estimated by one-way ANOVA.
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(d) Current observation based Köppen climate classiffication

Figure 5. The fraction of dominant uncertainty source in each Köppen climatic divisions in
∆NPP (a), ∆VegC (b), ∆SOC (c) in 2099, and Köppen climate classification map for the period
1951 to 2000 in CRU (d). In (a–c), color indicate each uncertainty source as in Fig. 2 (i.e.,
Orange indicates RCP. Yellow indicates GCM. Blue indicates GVM).
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