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Abstract Terrestrial carbon fluxes are sensitive to climate change, but the interannual climate sensitivity
of the land carbon cycle can also change with time. We analyzed the changes in responses of net biome
production (NBP), net primary production (NPP), and heterotrophic respiration (Rh) to interannual climate
variations over the 21st century in the Earth System Models (ESMs) from the Coupled Model Intercomparison
Project 5. Under Representative Concentration Pathway (RCP) 4.5, interannual temperature sensitivities of
NBP (γTemp

NBP ), NPP (γTemp
NPP ), and Rh (γTemp

Rh ) remain relatively stable at global scale, yet with large differences
among ESMs and spatial heterogeneity. Modeled γTemp

NPP and γTemp
Rh appear to increase in parallel in boreal

regions, resulting in unchanged γTemp
NBP . Tropical γTemp

NBP decreases in most models, due to decreasing γTemp
NPP and

relatively stable γTemp
Rh . Across models, the changes in γTemp

NBP can bemainly explained by changes in γTemp
NPP rather

than changes in γTemp
Rh , at both global and regional scales. Interannual precipitation sensitivities of global

NBP (γPrecNBP), NPP (γPrecNPP), and Rh (γPrecRh ) are predicted not to change significantly, with large differences among
ESMs. Across models, the changes in γPrecNBP can be mainly explained by changes in γPrecNPP rather than changes in
γPrecRh in temperate regions, but not in other regions. Changes in the interannual climate sensitivities of carbon
fluxes are consistent across RCPs 4.5, 6.0, and 8.5 but larger in more intensive scenarios. More effort should be
considered to improve terrestrial carbon flux responses to interannual climate variability, e.g., incorporating
biogeochemical processes of nutrient limitation, permafrost dynamics, and microbial decomposition.

1. Introduction

Interannual variation in the annual growth rate of atmospheric CO2 is related to the variation in terrestrial
ecosystem carbon fluxes, due to responses of ecological processes to interannual climate variability, e.g.,
temperature and precipitation [Schneising et al., 2014; Zeng et al., 2005]. Recently, Cox et al. [2013] found
that the observed interannual variability in the growth rate of atmospheric CO2 was linearly correlated
with the interannual variability in the tropical temperature during the past 50 years (1960–2010). The
observed interannual sensitivity of the annual CO2 growth rate to tropical interannual temperature
anomalies in the period 1960–2010 (5.1 ± 0.9 Pg C year�1 K�1), was used to constrain the long-term
(1960–2099) sensitivity of tropical land carbon stocks to climate change (53 ± 17 Pg C K�1), based an
emergent relationship between past interannual and future long-term sensitivities across climate-carbon
cycle models [Cox et al., 2013]. Some correlation between short- and long-term climate sensitivities can
be expected if both short- and long-term responses of tropical ecosystems to climate change are driven
by similar processes in models, e.g., the impact of climate change on the balance of carbon fluxes in
tropics. This correlation only holds if the model structure is “simple,” but it would not be valid in presence
of nonlinear response of net primary production (NPP) to climate change, nutrient limitation, forest
“dieback” [Cox et al., 2004], priming effects on decomposition [Guenet et al., 2013], or microbial changes
in decomposition [Wieder et al., 2013]. Thus, the interannual climate sensitivity of carbon flux in the past
50 years may not be related to the long-term climate sensitivity of carbon flux (e.g., 1960–2099) unless
the responses of carbon flux to interannual climate variability will remain roughly proportional to the
response under future climate change scenarios.

The interannual climate sensitivity of terrestrial net carbon flux appears to change with time [Wang et al., 2014],
depending on the different responses of terrestrial NPP and heterotrophic respiration (Rh) to interannual
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climate variations. In temperate and Arctic ecosystems of the Northern Hemisphere, the strength of the inter-
annual correlation between NPP and temperature declined substantially over the last three decades, possibly
due to an increase in drought in the temperate ecosystems and a nonlinear response of photosynthesis to tem-
perature in the Arctic ecosystems [Piao et al., 2014]. In a semiarid region like Australia, multiple lines of evidence
demonstrate that the sensitivity of continental net carbon uptake to precipitation variations has increased dur-
ing the last three decades [Poulter et al., 2014]. The responses of Rh to interannual climate variability are mainly
dependent upon temperature and soil/litter carbon pools (mainly the labile ones) available for decomposition
[Bond-Lamberty and Thomson, 2010]. Predicted both global temperature and soil carbon show increase trend
during the 21st century [Todd-Brown et al., 2014] and therefore likely result in changing interannual climate
sensitivity of Rh in the future.

Besides temporal heterogeneity, the interannual climate sensitivities of terrestrial carbon fluxes also have
spatial heterogeneity varying with ecohydrologic conditions. The variations in CO2 growth rate appears to
be mainly dominated by the responses of tropical carbon fluxes to temperature variations [Cox et al., 2013;
Wenzel et al., 2014]. Subtropical ecosystems are also regarded as mainly contributing to variability of the
global land CO2 flux, e.g., semiarid vegetation in the Southern Hemisphere, where high precipitation can
produce a strong carbon uptake during wet years such as during the 2010–2012 La Niña episodes
[Ahlström et al., 2015; Bastos et al., 2013; Poulter et al., 2014]. In middle and high latitudes of the Northern
Hemisphere where ecosystems can be limited both by water and temperature during different seasons,
anomalies of net CO2 flux can be affected by the interactions between changes in temperature and
precipitation [Angert et al., 2005; Poulter et al., 2013]. In addition, fire emissions of CO2 also contribute to
the interannual variations of CO2 growth rate but they seem to have a smaller contribution than NPP and
Rh anomalies at hemispheric scale [van der Werf et al., 2010].

To examine whether interannual climate sensitivities of terrestrial carbon flux will change during the 21st
century, we investigate changes in the responses of land carbon flux to climate variations on the interannual
timescale over the 21st century from Earth System Models (ESMs) participating in the fifth phase of the
Coupled Model Intercomparison Project (CMIP5). Considering the spatial heterogeneity of interannual
climate sensitivities of terrestrial carbon flux, changes in the sensitivities at both global and regional scales
are analyzed in this study. Specifically, we aimed to (1) compare changes in the responses of terrestrial
ecosystems net carbon flux to interannual climate variations across ESMs at both global and regional scales
and (2) identify which carbon flux component, NPP or Rh, leads to the changes in interannual climate
sensitivities of net carbon flux across ESMs.

2. Material and Methods
2.1. Earth System Models in CMIP5

In this study, we used CMIP5 ESMs simulations contributed to the Intergovernmental Panel on Climate
Change Fifth Assessment Report (AR5) [Taylor et al., 2012]. Two types of CMIP5 long-term experiments:
historical simulations (1850–2005) and future projections (2006–2100) were analyzed. For the 21st century,
we use future projection simulations from ESMs forced with four specified concentrations referred to as
“Representative Concentration Pathways” (RCPs) that are based on a range of projections of future popula-
tion growth, technologies development, and societal responses. There are four pathways RCP2.6, RCP4.5,
RCP6.0, and RCP8.5 representing different future CO2 and radiative forcing scenarios from low to high,
respectively [Jones et al., 2013; van Vuuren et al., 2011b]. RCP2.6 is a low emission scenario, with a peak in
radiative forcing at ~3Wm�2 (~443 ppm CO2) at 2050 and then a decline to 2.6Wm�2 (~421 ppm CO2) near
the end of the 21st century [van Vuuren et al., 2011a]. RCP4.5 is a medium-low emission scenario, which
stabilizes radiative forcing at 4.5Wm�2 (~538 ppm CO2) in the year 2100 [Thomson et al., 2011]. RCP6.0 is a
medium-high emission scenario, which describes a stabilization pathway to 6.0Wm�2 (~670 ppm CO2)
[Masui et al., 2011]. RCP8.5 assumes a high-emission scenario with no mitigation, with a radiative forcing
increasing up to 8.5Wm�2 in 2100 (~936 ppm CO2) by 2100 [Riahi et al., 2011]. Over the 21st century, all
ESMs predict that global temperatures continue to rise under all RCPs. Relative to the period 1986–2005, glo-
bal mean surface temperatures increase by on average 1.0°C, 1.8°C, 2.2°C, and 3.7°C under RCPs 2.6, 4.5, 6.0,
and 8.5 during the period 2081–2100, respectively [Collins et al., 2013].
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Monthly outputs of CMIP5 ESMs were downloaded from the Program for Climate Model Diagnosis and
Intercomparison (PCMDI) server: Earth System Grid Federation [Cinquini et al., 2014] (http://cmip-pcmdi.llnl.
gov/cmip5). As shown in Table S1 in the supporting information, 17 fully coupled ESMs from CMIP5 were
used in this analysis, that have both historical (“historical” experiment) and future RCPs simulations for net
biome production (NBP), NPP, Rh, air temperature, precipitation, and surface downwelling shortwave
radiation variables (nbp, npp, rh, tas, pr, and rsds, respectively, from the CMIP5 variable list). Not every ESM
ran all RCP pathways. All 17 CMIP5 ESMs have historical simulations, but among the 17 models, the number
of ESMs having RCPs 2.6, 4.5, 6.0, and 8.5 runs is 12, 16, 9, and 17, respectively (Table S1). Except for CanESM2,
HadGEM2-CC, HadGEM2-ES, MIROC-ESM, and MIROC-ESM-CHEM, the other 12 models in Table S1 have
considered the interactive effects of fires. Furthermore, three ESMs (BNU-ESM, CESM1-BGC, and
NorESM1-ME) have an explicit representation of interactive carbon-nitrogen (C-N) cycle, but the C-N cycle
interaction in BNU-ESM was turned off in the CMIP5 simulations [Ji et al., 2014].

Table S1 shows the ensemble number of each model under each scenario. Across scenarios, the ensemble
number was not identical for several models, e.g., CCSM4, HadGEM2-CC, HadGEM2-ES, IPSL-CM5A-LR,
MIROC-ESM, MPI-ESM-MR, NorESM1-M, and NorESM1-ME (Table S1). For each model under each individual sce-
nario, if multiple ensembles were available, all ensembles of output were averaged following previous studies
[Todd-Brown et al., 2013, 2014]. Thus, the simulation results under each scenario for eachmodel were presented
as the averagedmultiple ensembles, rather than any one specific ensemble. The average of ensemblemembers
might reduce the variability andmost of models have different number of realizations between historical simu-
lations and future projections that may artificially induce the inconsistency in variability. To understandwhether
this could affect our results, we have also performed analyses based on a single realization r1i1p1, since which
was produced by all 16 models under both historical and RCP4.5 scenarios. Our results have shown that the
conclusions based on this single realization (Figures S1–S4) were similar with those based on the average of
all realizations (Figures 1–4). All ESMs outputs are regridded to 1°× 1° using the first-order conservative remap-
ping scheme [Jones, 1999], as implemented by Climate Data Operators (https://code.zmaw.de/projects/
cdo). In addition, we limited our study region to the vegetated land area that is defined as all grid points
for which the mean annual normalized difference vegetation index (NDVI) during 1982–2009 was larger
than 0.1. The NDVI data were obtained from the Global Inventory Monitoring and Modelling Studies
(GIMMS) group, and the third generation GIMMS NDVI from advanced very high resolution radiometer
sensors (NDVI3g) was used in this study [Pinzon and Tucker, 2014]. Please note that the vegetated land
area defined by NDVI may be not fully consistent with that in model simulations.

2.2. Analysis

We analyzed the responses of NBP, NPP, and Rh to the interannual variability of climate factors (annual
temperature, precipitation, and surface downwelling shortwave radiation) during 1975–2004 (historical
simulation) and 2069–2098 (RCPs 2.6, 4.5, 6.0, and 8.5 simulations) in CMIP5 ESMs. In each period, the
interannual climate sensitivities were diagnosed using a multiple regression approach:

y ¼ γTempxT þ γ PrecxP þ γRadixR þ ε; (1)

where

y is the detrended anomaly of carbon flux: NBP, NPP, or Rh;
xT is the detrended anomaly of air temperature (tas);
xP is the detrended anomaly of precipitation (pr);
xR is the detrended anomaly of surface downwelling shortwave radiation (rsds);
γTemp, γPrec, and γRadi are the apparent carbon flux sensitivities to interannual variations in temperature,

precipitation, and radiation, respectively [Piao et al., 2013]. The word “apparent” means the partial
derivative with regard to the change of a given climate factor, whereas in the real world, these factors
covary; and

ε is the residual error term. Changes in γTemp, γPrec, and γRadi during the 21st century (period 2069–2098
minus period 1975–2004) is denoted by ΔγTemp, ΔγPrec, and ΔγRadi, respectively, in the following text.

We analyzed both spatial patterns and regional values of the apparent carbon flux sensitivities to interannual
climate variations. When analyzing spatial distributions, carbon and climate variables in each grid cell were used
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to calculate interannual climate sensitivities of carbon fluxes.When analyzing regional results, we aggregated each
output variable of each model over the following latitudinal bands: Northern Hemisphere boreal regions
(50°N–90°N), Northern Hemisphere temperate (NH temperate) (23°N–50°N), tropics (23°S–23°N),
Southern Hemisphere temperate (SH temperate) (23°S–50°S), and the entire globe. Then, regional
interannual climate sensitivities of carbon fluxes were calculated using the regional-aggregate variables.
We did not average the slope across latitude bands but aggregated the grids by latitude and then
calculated the slope using equation (1). The statistical significance of projected changes in multimodel
mean of apparent carbon flux sensitivities to interannual climate variations were examined using a
Wilcoxon signed-ranked test, following a previous study [Collins et al., 2013].

Please note that the ESMs are not completely independent. Some of models share the same land scheme but
differ in atmosphere or ocean components. For example, the only difference between GFDL-ESM2M and
GFDL-ESM2G is the ocean module. CESM1-BGC and NorESM1-ME used the same land surface scheme of
CLM4 (Community Land Model version 4) but used different ocean and atmospheric components. Model
discrepancy in ocean and atmospheric components can result in the differences in precipitation and land
surface temperatures, which further impact carbon fluxes and their sensitivities to interannual climate
change (the main finding of this paper; the sensitivities could change in the temporal scale). Therefore, in this
study, we did not average the simulations of the ESM with same land surface scheme so as not to exclude
other factors that might influence the interannual climate sensitivities of terrestrial carbon fluxes (such as a
different climate model). Nevertheless, the model simulations are not totally independent especially for
ESMs with the same land surface scheme. The statistical tests based on those simulations therefore should
be interpreted carefully. In the following sections, changes in carbon fluxes apparent sensitivities to interann-
ual climate variations under RCP4.5 are expressed as examples, and changes in interannual climate
sensitivities of carbon fluxes under RCPs 2.6, 6.0, and 8.5 are shown in the supporting information.

3. Results
3.1. Changes in Apparent Sensitivities of Carbon Fluxes to Interannual Temperature
Variations (ΔγTemp)

Under RCP4.5, at the global scale, predicted multimodel mean ΔγTemp
NBP , ΔγTemp

NPP , and ΔγTemp
Rh are nonsignificant but

vary widely across models (Figures 1a and 1f; specific values in Figure 1 were listed in Table S2). MPI-ESM-LR has

Figure 1. Changes in global and regional sensitivities of net biome production (NBP), net primary production (NPP), and heterotrophic respiration (Rh) to interannual
temperature variations under RCP4.5 (ΔγTemp

NBP , ΔγTemp
NPP , and ΔγTemp

Rh ). γTemp
NBP , γTemp

NPP , and γTemp
Rh are estimated using equation (1). ΔγTemp

NBP , ΔγTemp
NPP , and ΔγTemp

Rh are
calculated as the difference of γTemp

NBP , γTemp
NPP , and γTemp

Rh between the periods 2069–2098 (RCP4.5 runs) and 1975–2004 (historical simulations). Multimodel means are
shown as black points with the whiskers representing the standard deviation. Dashed error bar indicates the multimodel mean is statistically insignificant (P> 0.05).
Significant differences of simple regression analysis are reported as NS, P> 0.05; *, P< 0.05; **, P< 0.01; and ***, P< 0.001.
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the largest decrease in γTemp
NBP of �5.47 PgCyear�1 K�1, probably due to its largest decrease in γTemp

NPP and highest
increase in γTemp

Rh among all models (Figures 1a and 1f). NorESM1-ME shows the largest positive ΔγTemp
NBP of

2.07PgCyear�1 K�1, probably because of its positive ΔγTemp
NPP and negative ΔγTemp

Rh (Figures 1a and 1f). Across
models,ΔγTemp

NBP is positively correlatedwithΔγTemp
NPP (R2=0.88, P< 0.001) (Figure 1a) but negatively correlatedwith

ΔγTemp
Rh (R2 =0.31, P=0.03) (Figure 1f). Differences between models in ΔγTemp

NBP are mainly explained by the
differences in ΔγTemp

NPP (Figure 1a), rather than by the differences in ΔγTemp
Rh (Figure 1f). The same NPP dominance

holds true for RCP2.6 (Figure S5), RCP6.0 (Figure S6), and RCP8.5 (Figure S7).

In most ESMs, γTemp
NBP is spatially heterogeneous, with negative values in tropical regions, but positive values

in high latitudes (Figures 2a and S8a–S10a). However, predicted multimodel mean ΔγTemp
NBP under RCP4.5 are

nonsignificant over most of the globe (Figures 1 and 2b; Projections of ΔγTemp
NBP by each individual ESM

under all RCPs are shown in Figures S11–S14). In the boreal zone and NH temperate regions, nonsignificant
ΔγTemp

NBP and ΔγTemp
NPP are diagnosed (Figure 1), in contrast with significantly positive ΔγTemp

Rh with multimodel
mean of 0.07 ± 0.08 Pg C year�1 K�1 (P= 0.008) and 0.22 ± 0.37 Pg C year�1 K�1 (P= 0.03), respectively
(Figure 1). Boreal ΔγTemp

NBP ranges from �0.26 Pg C year�1 K�1 (MPI-ESM-MR) to 0.18 Pg C year�1 K�1

Figure 2. Spatial distributions of multimodel mean γTemp
NBP (a), γTemp

NPP (c), and γTemp
Rh (e), and their changes from 1975 to 2098 under RCP4.5 (ΔγTemp

NBP (b), ΔγTemp
NPP (d), and

ΔγTemp
Rh (f)). γTemp

NBP , γTemp
NPP , and γTemp

Rh are estimated using equation (1). ΔγTemp
NBP , ΔγTemp

NPP , and ΔγTemp
Rh are estimated as the difference of γTemp

NBP , γTemp
NPP , and

γTemp
Rh between the periods 2069–2098 (RCP4.5 runs) and 1975–2004 (historical simulations). Black point signs indicate grid points where the multimodel mean
changes are significant at the 5% level using a Wilcoxon signed-ranked test. Models used: BNU-ESM, CanESM2, CCSM4, CESM1-BGC, GFDL-ESM2M, GFDL-ESM2G,
HadGEM2-CC, HadGEM2-ES, IPSL-CM5A-LR, IPSL-CM5B-LR, MIROC-ESM, MIROC-ESM-CHEM, MPI-ESM-LR, MPI-ESM-MR, NorESM1-M, and NorESM1-ME.
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(GFDL-ESM2M) (Figure 1b). Across models, ΔγTemp
NBP is mainly explained by ΔγTemp

NPP , rather than ΔγTemp
Rh in

both boreal and NH temperate regions (Figure 1).

In tropical regions, most models (12 of 16models) have negativeΔγTemp
NBP , although with a nonsignificant multimo-

del mean (Figure 1d). Tropical ΔγTemp
NBP ranges from �2.11 PgCyear�1 K�1 (HadGEM2-ES) to 1.42PgCyear�1 K�1

(IPSL-CM5B-LR) (Figure 1d). Under all RCPs, ESMs predict significantly negative ΔγTemp
NPP (Figures 1d and

S5d–S7d), but not significant ΔγTemp
Rh (Figures 1i, S5i–S7i). Cross-model differences in ΔγTemp

NBP can be mainly
explained by both ΔγTemp

NPP and ΔγTemp
Rh under RCP4.5 (Figures 1d and 1i) but by ΔγTemp

Rh under RCP2.6
(Figures S5d and S5i) and by ΔγTemp

NPP under RCP8.5 (Figures S7d and S7i).

In the SH temperate regions, predicted ΔγTemp
NBP ranges from �0.82PgCyear�1 K�1 (MPI-ESM-LR) to

0.51PgCyear�1 K�1 (CESM1-BGC), with a nonsignificant multimodel mean (Figure 1e). MPI-ESM-LR predicts the
largest decline of γTemp

NBP , likely due to its largest decrease of γTemp
NPP (Figure 1e). GFDL-ESM2G shows a

comparable change in γTemp
NBP (�0.78PgCyear�1 K�1) (Figure 1e) but probably partly because of a relatively high

ΔγTemp
Rh (Figure 1j). Intermodel differences inΔγTemp

NBP in SH temperate regions can be explained by both differences
in ΔγTemp

NPP (R2=0.60, P< 0.001) and differences in ΔγTemp
Rh (R2=0.31, P=0.02) under RCP4.5 (Figures 1e and 1j).

3.2. Changes in Apparent Sensitivities of Carbon Fluxes to Interannual Precipitation Variations (ΔγPrec)

At the global scale, ΔγPrecNBP ranges from�1.75 PgC year�1 100mm�1 (CanESM2) to 4.56 Pg C year�1 100mm�1

(IPSL-CM5B-LR), with a nonsignificant multimodel mean (Figure 3a; specific values in Figure 3 were listed in
Table S3). Across all models, ΔγPrecNBP is not significantly correlated with ΔγPrecNPP or ΔγPrecRh under RCP 4.5
(Figures 3a and 3f) but is mainly explained by ΔγPrecNPP under RCP2.6 (Figure S15a) and RCP8.5 (Figure S17a).

In most ESMs, γPrecNBP is spatially heterogeneous, with positive values over the most of globe (except in the
northern part of the boreal band) (Figures 4a and S18a–S20a). However, nonsignificant ΔγPrecNBP under
RCP4.5 is globally distributed (Figure 4b; projections of ΔγPrecNBP by each individual ESM are shown in
Figures S21–S24). In boreal regions, 9 of 16 models predict negative ΔγPrecNBP but with a nonsignificant
multimodel mean (Figure 3b). Boreal ΔγPrecNBP ranges from �0.94 Pg C year�1 100mm�1 (MIROC-ESM) to
1.04 Pg C year�1 100mm�1 (GFDL-ESM2G) (Figure 3b). Both multimodel mean values of ΔγPrecNPP and
ΔγPrecRh in boreal regions are close to zero (Figures 3b and 3g). Cross-model differences in ΔγPrecNBP are mainly

Figure 3. Changes in global and regional sensitivities of NBP, NPP, and Rh to interannual precipitation variations under RCP4.5 (ΔγPrecNBP, Δγ
Prec
NPP, and ΔγPrecRh ). γPrecNBP,

γPrecNPP, and γPrecRh are estimated using equation (1). ΔγPrecNBP, Δγ
Prec
NPP, and ΔγPrecRh are estimated as the difference of γPrecNBP, γ

Prec
NPP, and γPrecRh between the periods

2069–2098 (RCP4.5 runs) and 1975–2004 (historical simulations). Multimodelmeans are shown as black points with the whiskers representing the standard deviation.
Dashed error bar indicates themultimodel mean is statistically insignificant (P> 0.05). Significant differences of simple regression analysis are reported NS, P> 0.05; *,
P< 0.05; **, P< 0.01; and ***, P< 0.001.
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explained by ΔγPrecNPP under RCP2.6 and RCP 6.0 (Figures S15 and S16) but are nonsignificantly correlated
with differences in ΔγPrecNPP or ΔγPrecRh under RCP4.5 and RCP8.5 (Figures 3 and S17).

In NH temperate regions, ΔγPrecNBP ranges from �0.93 PgC year�1 100mm�1 (NorESM1-M) to 1.11 PgCyear�1

100mm�1 (MIROC-ESM-CHEM), with 10 of 16 models predicting positive ΔγPrecNBP (Figure 3c). Across models,
variations in ΔγPrecNBP are significantly correlated with variations in ΔγPrecNPP under all RCPs (Figures 3c and
S15c–S17c) but are not significantly correlated with variations in ΔγPrecRh under most RCPs (except RCP2.6)
(Figures 3h and S15h–S17h). Thus, in NH temperate regions, differences in ΔγPrecNBP across models mainly depend
on differences inΔγPrecNPP rather than differences inΔγ

Prec
Rh . For example, in the southern United States and central

Asia, CMIP5 ESMs show consistency across models for an increase in γPrecNPP under RCP4.5 (Figure 4d), result-
ing in positive ΔγPrecNBP values (Figure 4b). The patterns of ΔγPrecNBP in NH temperate regions are consistent
across RCPs 4.5, 6.0, and 8.5 (Figures 4b, S19b, and S20b).

In the tropics,ΔγPrecNBP has a nonsignificantmultimodelmean but vary widely acrossmodels (Figure 3d). MIROC-ESM
has the highest ΔγPrecNBP (4.10 PgCyear

�1 100mm�1), probably due to its largest decline in γPrecRh (�4.28PgCyear�1

Figure 4. Spatial distributions of multimodel mean γPrecNBP (a), γPrecNPP (c), and γPrecRh (e), and their changes from 1975 to 2098 under RCP4.5 (ΔγPrecNBP, (b), Δγ
Prec
NPP, (d), and

ΔγPrecRh ) (f). γPrecNBP, γ
Prec
NPP, and γPrecRh are estimated using equation (1). ΔγPrecNBP, Δγ

Prec
NPP, and ΔγPrecRh are estimated as the difference of γPrecNBP, γ

Prec
NPP, and γPrecRh between the

periods 2069–2098 (RCP4.5 runs) and 1975–2004 (historical simulations). Black point signs indicate grid points where themultimodel mean changes are significant at
the 5% level using a Wilcoxon signed-ranked test. Models used: BNU-ESM, CanESM2, CCSM4, CESM1-BGC, GFDL-ESM2M, GFDL-ESM2G, HadGEM2-CC, HadGEM2-
ES, IPSL-CM5A-LR, IPSL-CM5B-LR, MIROC-ESM, MIROC-ESM-CHEM, MPI-ESM-LR, MPI-ESM-MR, NorESM1-M, and NorESM1-ME.
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100mm�1) (Figure 3i). NorESM1-M simulates the largest decrease in γPrecNBP (�1.31PgCyear�1 100mm�1),
probably because of its largest decrease in γPrecNPP (�0.81PgCyear�1 100mm�1) (Figure 3d). Across all models,
ΔγPrecNBP is not correlated with ΔγPrecNPP under all RCPs (Figures 3d and S15d–S17d) and significantly correlated with
ΔγPrecRh only under RCP4.5 (Figures 3i and S15i–S17i).

In SH temperate regions, diagnosed ΔγPrecNBP under RCP4.5 ranges from�0.55PgCyear�1 100mm�1 (MPI-ESM-LR)
to 0.85PgCyear�1 100mm�1 (GFDL-ESM2M), with a multimodel mean of 0.15±0.32 PgCyear�1 100mm�1

(P=0.051) (Figure 3e). Across models, γPrecNPP increases over the 21st century, with a significant multimodel mean
ΔγPrecNPP of 0.22±0.35PgCyear�1 100mm�1 (P=0.009) (Figure 3e). Different from ΔγPrecNPP, predicted ΔγPrecRh is not
significant (Figure 3j). Under all RCPs, cross-model differences in ΔγPrecNBP are significantly correlated with
differences in ΔγPrecNPP (Figures 3e and S15e-S17e), but not significantly correlated with differences in
ΔγPrecRh (Figures 3j and S15j–S17j). Hence, differences in SH temperate ΔγPrecNBP across models mainly
depend on differences in ΔγPrecNPP instead of differences in ΔγPrecRh .

Besides changes in γTemp and γPrec, changes in γRadi during the 21st century were analyzed and are shown in
the supporting information (Figures S25–S36). During the 21st century, the multimodel mean γRadiNBP remains
relatively stable at both global and regional scales, yet with a large model spread. Cross-model differences
in ΔγRadiNBP are significantly correlated with differences in ΔγRadiNPP, but not significantly correlated with difference
inΔγRadiRh . Overall, predicted changes in the apparent sensitivities of NBP, NPP, and Rh to interannual variations
in temperature, precipitation, and radiation during the 21st century vary strongly across ESMs at both global
and regional scales.

4. Discussion
4.1. Change in Apparent Sensitivity of Tropical Net Biome Productivity to Interannual Temperature
Variations in the Past Five Decades

The variation in growth of atmospheric CO2 was considered to be mainly dominated by the responses of
tropical ecosystems net carbon flux to temperature variations [Cox et al., 2013; Wenzel et al., 2014]. Wang
et al. [2014] found that the sensitivity of atmospheric CO2 growth rate to interannual tropical temperature
variability has increased from 2.6 ± 0.5 Pg C year�1 K�1 to 4.8 ± 1.0 Pg C year�1 K�1 between 1960–1979 and
1992–2011. This positive temperature sensitivity of the atmospheric growth rate corresponds to a negative
sensitivity of the tropical terrestrial biosphere. This indicates that tropical γTemp

NBP declined by a factor of 2 dur-
ing past five decades [Wang et al., 2014]. Herein, Figure 5 shows the changes in tropical γTemp

NBP across CMIP5
ESMs during the period 1955–2004. In the early time widow (1955–1979), 13 of 17 ESMs (except for CCSM4,
CESM1-BGC, IPSL-CM5B-LR, and NorESM1-M) have significant negative values of tropical γTemp

NBP , ranging from
�1.24 PgC year�1 K�1 (NorESM1-ME) to �4.94 PgC year�1 K�1 (MRI-ESM1) (Figure 5a). In the recent time
window (1980–2004), 15 of 17 ESMs (except for CCSM4 and NorESM1-M) have significant negative values
of tropical γTemp

NBP , ranging from �1.20 PgC year�1 K�1 (CESM1-BGC) to �4.48 Pg C year�1 K�1 (HadGEM2-CC)
(Figure S37). However, only one ESM (IPSL-CM5B-LR) produced a relatively large decrease in γTemp

NBP , from
�1.06 PgC year�1 K�1 (1955–1979) to�3.23 PgC year�1 K�1 (1980–2004) (Figure 5b). During the past five dec-
ades (period 1980–2004 minus period 1955–1979), ΔγTemp

NBP , ΔγTemp
NPP , and ΔγTemp

Rh are not consistent between
models, and the multimodel mean ΔγTemp

NBP , ΔγTemp
NPP , and ΔγTemp

Rh values do not show significant changes
(Figures S38c and S38f).

Figure S38 shows the correlations of tropical γTemp
NBP with γTemp

NPP and γTemp
Rh during the periods 1955–1979 and

1980–2004 and the correlations of tropical ΔγTemp
NBP with ΔγTemp

NPP and ΔγTemp
Rh during the period 1955–2004

simulated by CMIP5 models. During both periods 1955–1979 and 1980–2004, the significantly negative values
of tropical γTemp

NBP in each model (and their average) are explained mainly by the negative values of γTemp
NPP ,

whereas γTemp
Rh is weakly correlatedwith γTemp

NBP across models (Figures S38a, S38b, S38d, and S38e). This confirms
that the spread of negative tropical γTemp

NBP is mainly due to the suppression of NPP rather than promotion of Rh
across CMIP5 models, at least given the current structure of all models.

Most of the CMIP5 ESMs did not capture the observed decrease in apparent sensitivity of tropical NBP to
interannual temperature variations in the past five decades (Figure 5b). This may be partly ascribed to the fact
that most of the ESMs did not capture the observed regional drying and wetting trends over the last five
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decades [Nasrollahi et al., 2015]. For instance, during the period 1979–2011, southern Amazonia has experi-
enced a decrease in spring rainfall and an increase in dry season length primarily because of a delay in the
end of dry season [Fu et al., 2013]. However, the recent changes in both dry season length and the end of
dry season were significantly underestimated in CMIP5 ESMs [Fu et al., 2013]. Moreover, changes in climate
extreme events may contribute to tropical γTemp

NBP changes in the past five decades. However, precipitation
extremes in late twentieth century simulated by CMIP5 ESMs are plausible in the extratropics and have very
large uncertainties in the tropics and subtropics [Kharin et al., 2013]. In addition, many CMIP5 ESMs may
underrepresent the processes related to climate-driven forest mortality and its impact on terrestrial carbon
cycling [McDowell et al., 2011, 2013; Steinkamp and Hickler, 2015]. For example, Brienen et al. [2015] found that
the rates of increase in aboveground biomass of the Amazon rainforest declined over three decades, due to
recent leveling off of growth rates and persistent increases of biomass mortality. The long-term increase in
mortality rates has yet led to a 30% increase in necromass stocks, because the dead trees decay slowly
[Brienen et al., 2015]. This indicates that climate-driven forest mortality in tropics probably affects the climate
sensitivity of productivity, but may not immediately affect the climate sensitivity of heterotrophic respiration.
However, the mechanisms of the observed increase in mortality rates are not accurately represented in
CMIP5 ESMs [Robinson et al., 2015].

4.2. Interannual Climate Sensitivities of NPP (γNPP) and Their Changes Over the 21st Century (ΔγNPP)

The simulated sensitivity of NPP to interannual temperature variations is negative in the tropics but positive in
boreal regions (Figure 2c). This is expected since the responses of plant photosynthesis to temperature are
spatially heterogeneous. In the tropics, ecosystems are near a high-temperature threshold, above which photo-
synthesis maybe inhibited [Corlett, 2011; Doughty and Goulden, 2008]. While ecosystems are mainly temperature

Figure 5. Change in sensitivity of tropical NBP to interannual temperature variations during the period 1955–2004.
(a) γTemp

NBP is the sensitivity of tropical NBP to interannual temperature variations for the period 1955–1979 estimated

using equation (1). (b) ΔγTemp
NBP is calculated as the difference of γTemp

NBP between the periods 1980–2004 and 1955–1979.

Significant differences of γTemp
NBP are reported as NS, P> 0.05; *, P< 0.05; **, P< 0.01; and ***, P< 0.001.
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limited in boreal regions, where warming can simulate plant photosynthesis [Wu et al., 2011] and lead to growing
season extension [Piao et al., 2007, 2011; Richardson et al., 2010]. The photosynthetic response to temperature can
be described as a parabolic curve with an optimum temperature, and at temperatures above this optimum,
photosynthesis decreases with increasing temperature [Berry and Björkman, 1980; Yamori et al., 2014] because
of an increase in vapor pressure deficit (VPD). Leaf photosynthesis in most ESMs interacts with stomatal conduc-
tance [Shao et al., 2013]. In terms of the photosynthesis component, stomatal conductance was calculated as a
function of relative humidity or VPD varying with different models. When calculating stomatal conductance,
relative humidity was used in BNU-ESM, CESM1-BGC, IPSL-CM5A-LR, IPSL-CM5B-LR, and NorESM1-M, and VPD
was used in CanESM2, GFDL-ESM2G, GFDL-ESM2M, MPI-ESM-LR, and MPI-ESM-MR [Wang et al., 2015].

The interannual climate sensitivity of NPP reflects the combination of short term processes, which itself depends
on the background state of the climate and ecosystems. When temperature is lower than the optimal tempera-
ture, warming stimulates plant photosynthesis resulting in a positive response of NPP to interannual tempera-
ture variability. Under higher temperature, VPD becomes higher and can reduce stomatal conductance and
photosynthesis (e.g., gross primary production and NPP). This suggests that the sensitivity of NPP to temperature
variations could weaken or become negative if the temperature reaches above the optimum threshold of
photosynthesis. Such parabolic temperature response of photosynthesis among C3 and C4 plants has been
implemented in several vegetation models, as primary components of ESMs (see details in Smith and Dukes
[2013]). Furthermore, increases in temperature can increase VPD, which reduces NPP and amplifies the negative
sensitivity of NPP to temperature variations. Moreover, in response to warming-induced increases in evaporative
demand, soil water availability may become limited, which can also suppress the photosynthesis and modulate
the NPP sensitivity to temperature variation. The combination of these processes mainly determines how the
interannual sensitivity of NPP changes with temperature variations in future climate change. We should inform
that CMIP5 models may fail to consider other contributing processes related to the responses of changes in
plant expenditure and allocation of carbon assimilates to temperature [Robinson et al., 2015]. It is also note-
worthy that CMIP5 ESMs do not include temperature acclimation of plant photosynthesis and respiration, which
could reduce carbon sensitivity to climate [Smith et al., 2015]. For example, when an updated version of CLM
(CLM4.5(BGC), version 4.5 of the Community Land Model with active carbon and nitrogen biogeochemical
cycling) considering temperature acclimation was run under RCP8.5 climate from CESM (Community Earth
System Model), the terrestrial carbon storage increased by 22PgC by 2100 compared to a model without
considering temperature acclimation [Lombardozzi et al., 2015].

Compared to the historical reference period (1976–2004), tropical γTemp
NPP is predicted to decrease during

2069–2098 (Figures 1d and 2d). Tropical ΔγTemp
NPP across models decreases with increasing NPP under both

RCPs 4.5 and 8.5 (Figures S40d and S42d). This may be related to the possibility that the increase in temperature
could be close to or exceed the optimum temperature for photosynthesis in tropical forests. The productivity in
tropical forests could then be inhibited due to supraoptimum temperature and/or concurrent increased water
limitations. For instance, tropical drought is predicted to become more severe during the 21st century due to
either decreased precipitation and/or increased evaporation [Dai, 2013]. In boreal regions (e.g., northwestern
United States), ESMs predicted higher γTemp

NPP by the end of the 21st century (Figure 2d), probably because tem-
perature is a limiting factor for plant growth in the boreal zone. Warming can stimulate plant photosynthesis
and induce growing season extension under RCP8.5 in CMIP5 ESMs [Maloney et al., 2014]. In high latitudes,
higher NPP is predicted under RCP8.5 in CMIP5 ESMs by the end of the 21st century, due to warming and
increasing CO2 concentration [Zhao and Zeng, 2014]. CMIP5 projected NPP shows increase trend during the
21st century at both global and regional scales, but ΔγTemp

NPP was not positively correlated with changes in
NPP (ΔNPP) (Figures S39–S42). These indicate that ΔγTemp

NPP was not driven by ΔNPP with a fixed relative magni-
tude across models but probably by nonlinear response of plant growth to temperature variability.

γPrecNPP is positive in arid and semiarid regions, e.g., southern United States, central Asia, southern South
America, southern African, and Australia (Figure 4c). However, in both the Arctic and the Tibetan Plateau,
ESMs show disagreement on the sign of γPrecNPP (Figure 4c), probably because ecosystems in these cold regions
are limited by temperature rather than precipitation. Manipulative ecosystem experiments show that
decreased precipitation generally decreases ecosystem productivity, whereas increased precipitation has
the opposite effects [Wu et al., 2011], yet with possible nonsymmetrical responses [Unger and Jongen,
2015]. Note that most of the experiments compiled byWu et al. [2011] were performed in temperate regions
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of the Northern Hemisphere, where vegetation is not limited by temperature, but rather by water availability.
γPrecNPP increases in semiarid regions during the 21st century under both RCP4.5 and RCP8.5 (Figures 4d and
S20d). For instance, γPrecNPP shows a significant increase in the temperate bands of the Southern Hemisphere
(Figures 3e and 4d), which are predicted over the 21st century [Collins et al., 2013; Dai, 2013]. This indicates
that plant growth in semiarid regions is predicted to become more sensitive to interannual precipitation var-
iations under warmer and drier climatic pathways. Plant growth in semiarid regions is sensitive to precipita-
tion variations, due to water limitation [Hsu et al., 2012]. Observations also suggest that the interannual
precipitation sensitivity of net carbon uptake in semiarid regions showed a significant increase during the
1982–2011 period, possibly due to expansion of vegetation cover [Poulter et al., 2014], increased CO2

[Schimel et al., 2015], or carbon sink anomaly during wet years [Haverd et al., 2015].

4.3. Interannual Climate Sensitivities of Rh (γRh) and Their Changes Over the 21st Century (ΔγRh)

γTemp
Rh is mostly positive on a global scale, except in the SH temperate band, where ESMs show disagreement
for the sign of interannual temperature sensitivity of Rh (Figure 2e). The Rh variability appears to be positively
correlated with interannual precipitation variations globally (Figure 4e). Both generally positive values of
γTemp
Rh and γPrecRh are due to the positive responses of Rh to temperature and precipitation variations in most
ESMs. Rh increases exponentially with temperature in most CMIP5 ESMs, which are usually expressed by
functional similar equations: Q10 or Arrhenius equations [Todd-Brown et al., 2013; Todd-Brown et al., 2014].
For example, the Q10 equation was used in HadGEM2-ES, HadGEM2-CC, IPSL-CM5A-LR, IPSL-GM5B-LR, and
MPI-ESM-LR; the Arrhenius equation was used in BNU-ESM, CCSM4, CESM1-BGC, MIROC-ESM, MIROC-
ESM-CHEM, NorESM1-M, and NorEMS1-ME [Todd-Brown et al., 2013, 2014]. Decomposition parameteriza-
tion is a monotonically increasing function of increasing soil moisture in most models (BNU-ESM, CCSM4,
CESM1-BGC, GFDL-ESM2G, GFDL-ESM2M, IPSL-CM5A-LR, IPSL-CM5B-LR, MIROC-ESM, MIROC-ESM-CHEM,
MPI-ESM-LR, NorESM1-M, and NorESM1-ME) [Todd-Brown et al., 2013, 2014]. For example, Rh from each
pool is calculated as Rh∝kC fr fN fT fw in CCSM4, where fT is based on Q10, and fw is proportional to soil moist-
ure and the weighting depending on soil water potential [Shao et al., 2013]. In ORCHIDEE (Organizing
Carbon and Hydrology in Dynamic Ecosystems) coupled to the IPSL-CM4, there is a saturation of fw at very
high soil moisture of 0.5, which is practically never reached [Krinner et al., 2005]. Only in CanESM2,
HadGEM2-CC, and HadGEM2-ES, decomposition increases up to some optimum moisture level and then
decreases [Todd-Brown et al., 2013, 2014]. In addition, Rh simulations in current ESMs are mainly based
on empirical functions that relate ecohydrologic conditions to decomposition rate of soil organic carbon
(SOC) substrates. Decomposition models with reliable microbial-explicit model formulations are recom-
mended to be implemented in next generation of ESMs [Wieder et al., 2015].

In boreal regions, predicted multimodel mean γTemp
Rh shows increase trend during the 21st century, possibly

due to following two reasons. First, for a fixed amount of SOC, Rh increases exponentially with increasing
temperature in most CMIP5 ESMs [Todd-Brown et al., 2013, 2014]. Therefore, the magnitude of increase in
Rh due to 1 K increase in temperature will be larger during warmer years. During the 21st century period,
warming rate in the boreal zone is much higher than that in other regions [Collins et al., 2013]. Second, pre-
dicted SOC storage at boreal regions shows increasing trend during the 21st century [Todd-Brown et al.,
2014]. Increased in SOC storage will then lead to an increase in the mean Rh in ESMs [Exbrayat et al., 2013;
Shao et al., 2013; Todd-Brown et al., 2013]. Thus, projected increase in SOC available for Rh and the convex
(exponential) response of Rh to a unit change of temperature could result in an increase in γTemp

Rh at boreal
regions over the 21st century. Compared to the tropics, boreal regions are predicted to experience higher
warming rates and larger increases in SOC, both acting to increase the value of γTemp

Rh , especially under
RCP8.5 (Figures 2f and S8f–S10f). In addition, we investigated the changes in Rh (ΔRh) during the 21st century
and their correlations with ΔγTemp

Rh across models as shown in Figures S39–S42. As expected, both multimodel
mean of ΔRh and ΔγTemp

Rh in boreal regions are significantly positive under RCP4.5 and RCP8.5 (Figures S40g
and S42g). Across models, the correlations between boreal ΔγTemp

Rh and ΔRh was significant under RCP8.5, but
not significant under the other scenarios (Figures S39g–S42g).

Projected 21st century change in mutimodel mean γPrecRh is not significant, and there is large spread of
ΔγPrecRh across models, especially under RCP8.5 (Figures S17, S20f, and S24c). The changes in γPrecRh during
the 21st century across models are probably due to both monotonic responses of Rh to water condition
variations and projected changes in litter and SOC storage. Litter and SOC are critical substrates for
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microbial decomposition and therefore influence Rh. For example, under RCP8.5, HadGEM2-ES suggests
strong increase in global SOC over the 21st century (253 Pg, 22.6%) due to increase in NPP input
[Todd-Brown et al., 2014]. Thus, the HadGEM2-ES produces the largest increase in global γPrecRh with
ΔγPrecRh of 3.01 Pg C yr�1 100mm�1 under RCP8.5 across models (Figures S17 and S24c). Across models,
MIROC-ESM suggests the largest decline in global γPrecRh with ΔγPrecRh of �2.30 Pg C yr�1 100mm�1 under
RCP8.5 (Figures S17 and S24c), likely due to its strong decrease in global SOC over the 21st century
(�72 Pg, �2.8%) [Todd-Brown et al., 2014].

4.4. Interannual Climate Sensitivities of NBP (γNBP) and Their Changes Over the 21st Century (ΔγNBP)

γTemp
NBP (γPrecNBP) is determined by interannual temperature (precipitation) sensitivities of both NPP and Rh. In
boreal regions, the magnitudes of γTemp

NPP and γTemp
Rh are comparable in ESMs, resulting in insignificant

γTemp
NBP . However, in the tropics, NBP negatively responds to interannual temperature variations, probably
due to the negative γTemp

NPP and positive γTemp
Rh . The absolute magnitude of γPrecRh is suggested to be lower than

that of γPrecNPP in many regions except for the boreal regions (Figures 4c and 4e), resulting in a positive value
of γPrecNBP in tropical and temperate regions (Figure 4a). This is consistent with observations of manipulative
experiments in temperate ecosystems, where increased precipitation led to a greater increase in NPP than
Rh resulting in increased net carbon uptake (i.e., NBP) [Wu et al., 2011]. This suggests that vegetation
productivity is more sensitive to precipitation variations than soil respiration, due to their difference
responses. For example, in grassland ecosystems across the Great Plains in USA, the response of NPP to drought
variation is attributable to rainfall amount, but drought impacts Rh by a relatively slower process, e.g., soil
drying, reduced carbon input, and a drought-induced reduction in soil carbon content [Shi et al., 2014].

Changes in global γTemp
NBP (γPrecNBP) over the 21th century are determined by both changes in γTemp

NPP (γPrecNPP) and
γTemp
Rh (γPrecRh ). Under RCP4.5, at global scale, different influences of ΔγTemp

NPP and ΔγTemp
Rh on ΔγTemp

NBP are
predicted to nearly cancel each other out, leading to nonsignificant change in γTemp

NBP . But this result is
not consistent across all RCPs. For example, under RCP8.5, global γTemp

NBP is found to decrease, due to a
decrease in tropical γTemp

NPP and an increase of γTemp
Rh in extratropical regions (Figures S7 and S10). Over

the 21st century, the response of NBP to interannual precipitation variations in the ESMs remains
relatively stable globally under RCP4.5 (Figure 4b). However, under RCP8.5, γPrecNBP increases significantly
in the central United States, the central Asia, and the southern Australia (Figure S20b), where semiarid
ecosystems are widely distributed. The increased γPrecNBP in these regions is probably caused by changes
in γPrecNPP rather than changes in γPrecRh . Besides semiarid regions, tropical ecosystem carbon cycles are also
sensitive to precipitation variations [Gatti et al., 2014]. The reduction of precipitation since 2000 has led
to a decline in vegetation greenness across large parts of Amazonia [Hilker et al., 2014]. In the
anomalously dry year 2010, Amazonian forest became carbon neutral, primarily resulting from the
suppression of photosynthesis during drought [Gatti et al., 2014]. The positive relationship between
NBP and precipitation variability on the interannual timescale in tropical regions seems to be captured
by the ESMs (Figure 4a). However, although tropics becomes drier by the end of the 21st century under
RCP4.5 pathway [Collins et al., 2013; Dai, 2013], tropical γPrecNBP remains relatively stable in the ESMs over the
21st century (Figures 3d and 4b), perhaps partly due to CO2 increases. Among all models, only MIROC-ESM
predicts a relatively large increase of tropical γPrecNBP under RCP4.5, mainly due to a large decrease of γPrecRh , but
not change in γPrecNPP (Figures 3d and 3i).

4.5. Uncertainty of Projection in Interannual Climate Sensitivities of Carbon Fluxes Simulated by
CMIP5 ESMs

The responses of terrestrial carbon fluxes to interannual temperature and precipitation variations show large
spreads across models, leading to uncertainties in their future projections. Several key biogeochemical
processes (e.g., nutrient limitation, permafrost dynamics, and microbial decomposition) are recommended to
be represented in the ESMs to improve their terrestrial carbon fluxes responses to climate change. First, C-N
interactions would affect the terrestrial carbon cycle response to temperature and precipitation variations
[Thornton et al., 2007]. For instance, when atmospheric CO2 concentration rises, the carbon cycle responses
to temperature and precipitation variation increase in magnitude for the carbon-only model of CLM 3.0 but
are reduced in magnitude for the coupled C-N model of CLM-CN [Thornton et al., 2007]. If nitrogen constraint
on carbon cycling was considered, land carbon sequestration simulated by CMIP5 ESMs between 1860 and
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2100 could decrease by between 97 PgC (RCP 2.6) and 150 PgC (RCP 8.5) [Zaehle et al., 2015]. However, in
CMIP5 simulations, C-N interactions was incorporated in the simulations of only two ESMs: CESM1-BGC and
NorESM1-ME, both of which used CLM as the surface model and had a relatively weak carbon-climate feed-
backs [Arora et al., 2013]. Under RCP4.5, global ΔγTemp

NBP is 2.07 PgCyear�1 K�1 in NorESM1-ME with N cycle
and�1.27 PgC year�1 K�1 in NorESM1-Mwithout N cycle (Figure 1a). Here note that besides the N cycle, ocean
biogeochemistry (HAMOCC5) has been implemented in NorESM1-ME, but not in NorESM1-M [Tjiputra et al.,
2013]. Second, Arctic terrestrial ecosystems, containing huge organic carbon stock, are sensitive to climate
change [Koven et al., 2015; McGuire et al., 2009; Schuur et al., 2015; Tarnocai et al., 2009]. Warming cannot only
accelerate ecosystem productivity in Arctic regions but also result in the acceleration of permafrost soil carbon
decomposition [Koven et al., 2011; Schuur et al., 2008]. Permafrost soil carbon will have a positive feedback to
global climate change, when carbon losses due to respiration exceed carbon gains through increase NPP.
The permafrost carbon sensitivities are poorly represented in most ESMs, which lead to large predicted SOC
change uncertainty [Todd-Brown et al., 2014], resulting uncertainty in prediction of changes in Rh apparent sen-
sitivity to interannual temperature variations over the 21st century. Third, Q10 function or Arrhenius equation
expresses the relationship between Rh and temperature in most CMIP5 ESMs [Shao et al., 2013]. However,
the temperature sensitivity of decomposition (Q10) can be directly and indirectly affected by environmental fac-
tors, e.g., temperature, soil moisture, and substrate quality [Davidson and Janssens, 2006; Davidson et al., 2006;
Exbrayat et al., 2013; Tang and Riley, 2015]. For example, temperature sensitivity of soil respiration in boreal and
Arctic soil is higher than that in other regions [Karhu et al., 2014]. Microbes included in soil carbon models can
change the sign of the response of soil carbon to warming. It simulates an accumulation of soil carbon if micro-
bial growth efficiency declines with warming, but a large carbon loss if the adaptation of growth efficiency to
warming is allowed [Wieder et al., 2013, 2014]. Despite of this, in most CMIP5 ESMs, Q10 is parameterized as a
constant value under future climate change scenarios.

5. Conclusions

In this paper, the simulations of CMIP5 Earth System Models (ESMs) have been analyzed, focusing on the
changes in response of terrestrial carbon fluxes to interannual temperature, precipitation, and radiation
variations under historical scenario (1975–2004) and under the four RCPs (2069–2098). We analyzed here
the changes in the apparent sensitivities of net biome production (NBP), net primary production (NPP),
and heterotrophic respiration (Rh) to interannual variations in temperature (γTemp), precipitation (γPrec), and
radiation (γRadi) over the 21st century (ΔγTemp, ΔγPrec, and ΔγRadi) at both global and regional scales.

Most ESMs predict a decrease of γTemp
NBP in the tropics by the end of the 21st century, probably due to warming

(above optimum temperature of photosynthesis) and severe drought [Dai, 2013; Feng and Fu, 2013; Orlowsky
and Seneviratne, 2013; Scheff and Frierson, 2015]. However, most ESMs do not capture the observed decrease
in tropical γTemp

NBP during the past five decades, mainly because the observed long-term (1950–2005) regional
drying and wetting trends was not captured in most ESMs [Nasrollahi et al., 2015]. To capture the correct
changes in terrestrial γTemp

NBP , we recommend to improve model’s ability to simulate regional wetting/drying
trends unless which are caused by internal variability.

High northern latitude regions are predicted to experience an increase of γTemp
Rh in most ESMs during the 21st

century, which can be ascribed to high warming rates and large increases in soil organic carbon [Todd-Brown
et al., 2014]. However, this merits further investigation since current state-of-the-art ESMs do not consider the
large quantities of organic carbon stored in frozen soils in Arctic and sub-Arctic regions [Todd-Brown et al.,
2014]. In the future warming climate, there may be a gradual and prolonged release of carbon dioxide from
this inert carbon pool, which can exceed warming-induced increase in NPP and result in a net carbon loss
over the regions underlaid by permafrost [Koven et al., 2011; Schuur et al., 2008, 2015].

Modeled γPrecNPP shows an increased trend in central United States, central Asia, and southern Australia during
the 21st century, like observed over the last three decades in Poulter et al. [2014]. In semiarid regions such as
Australia, the sensitivity of net carbon uptake to precipitation was found to have increased in the last three
decades, probably due to changes in ecosystem productivity caused by expansion of vegetation cover
[Poulter et al., 2014], increased CO2 [Schimel et al., 2015], or carbon sink anomaly during wet years [Haverd
et al., 2015]. However, in the temperate band of Southern Hemisphere, the multimodel mean γPrecNBP remains
relatively stable with a large model spread. Moreover, most ESMs captured the positive relation between
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NBP and interannual precipitation variability in tropical regions over the past five decades. However, tropical
γPrecNBP remains relative stable across ESMs in the future, although tropics become drier by the end of the 21st
century under RCP4.5 pathway [Collins et al., 2013; Dai, 2013].

Across most of ESMs, differences in the changes in interannual climate sensitivities of NBP can be mainly
explained by that of NPP rather than that of Rh. There are large uncertainties in the future projections of
the responses of terrestrial carbon fluxes to interannual climate variations. To capture the plausible changes
in land carbon fluxes sensitivities to climate change, several key biogeochemical processes, e.g., C-N
interactions, permafrost dynamics, soil moisture optimum, and microbial decomposition, are thus recom-
mended to be incorporated or improved in next generation of ESMs.
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