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Dependence of the evolution of carbon dynamics in the northern permafrost region on the trajectory of climate change

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

We conducted a model-based assessment of changes in permafrost area and carbon storage for simulations driven by RCP4.5 and RCP8.5 projections between 2010 and 2299 for the northern permafrost region. All models simulating carbon represented soil with depth, a critical structural feature needed to represent the permafrost carbon-climate feedback, but that is not a universal feature of all climate models. Between 2010 and 2299, simulations indicated losses of permafrost between 3 and 5 million km 2 for the RCP4.5 climate and between 6 and 16 million km 2 for the RCP8.5 climate. For the RCP4.5 projection, cumulative change in soil carbon varied between 66-Pg C (10 15 -g carbon) loss to 70-Pg C gain. For the RCP8.5 projection, losses in soil carbon varied between 74 and 652 Pg C (mean loss, 341 Pg C). For the RCP4.5 projection, gains in vegetation carbon were largely responsible for the overall projected net gains in ecosystem carbon by 2299 (8-to 244-Pg C gains). In contrast, for the RCP8.5 projection, gains in vegetation carbon were not great enough to compensate for the losses of carbon projected by four of the five models; changes in ecosystem carbon ranged from a 641-Pg C loss to a 167-Pg C gain (mean, 208-Pg C loss). The models indicate that substantial net losses of ecosystem carbon would not occur until after 2100. This assessment suggests that effective mitigation efforts during the remainder of this century could attenuate the negative consequences of the permafrost carbon-climate feedback. A recent data-based synthesis has estimated that the release of soil carbon (C) to the atmosphere by 2100 from the northern permafrost region will be between 12 and 113 Pg C (10 15 g) C for climate change pathways involving both substantive and little or no mitigation effort [START_REF] Koven | A simplified, data-constrained approach to estimate the permafrost carbon-climate feedback[END_REF]. This synthesis did not consider any response of vegetation production to climate change, which could offset this soil C release. In addition to the data synthesis approach, several process-based models have coupled thaw depth dynamics to the vertical distribution of soil C storage in the northern permafrost region [START_REF] Mcguire | Variability in the sensitivity among model simulations of permafrost and carbon dynamics in the permafrost region between 1960 and 2009[END_REF]. These models have the ability in principle to assess the potential vulnerability of terrestrial C stocks to permafrost thaw in the context of vegetation production responses to climate change and CO 2 fertilization. A compilation of the responses of these models to climate pathways involving little or no mitigation (e.g., representative concentration pathway RCP8.5) has estimated losses of C from the permafrost region of between 37 and 174 Pg C by 2100 (mean, 92 Pg C) [START_REF] Schuur | Climate change and the permafrost carbon feedback[END_REF][START_REF] Schaefer | Policy Implications of Thawing Permafrost, United Nations Environment Programme Special Report[END_REF][START_REF] Schaefer | The impact of the permafrost carbon feedback on global climate[END_REF]. One difficulty in comparing the results of these models is that they were driven by climate change output from different climate models. Furthermore, since these estimates

Significance

We applied regional and global-scale biogeochemical models that coupled thaw depth with soil carbon exposure to evaluate the dependence of the evolution of future carbon storage in the northern permafrost region on the trajectory of climate change. Our analysis indicates that the northern permafrost region could act as a net sink for carbon under more aggressive climate change mitigation pathways. Under less aggressive pathways, the region would likely act as a source of soil carbon to the atmosphere, but substantial net losses would not occur until after 2100. These results suggest that effective mitigation efforts during the remainder of this century could attenuate the negative consequences of the permafrost carbon-climate feedback.

assumed little or no climate mitigation effort, it remains unclear to what extent climate mitigation policies may be effective in preventing the negative consequences of C release from the northern permafrost region. Finally, because C dynamics of the northern permafrost region may be nonlinear with time [START_REF] Macdougall | Significant existing commitment to warming from the permafrost carbon feedback[END_REF], it is important to assess how climate change may influence C dynamics after 2100 to inform decision makers on the long-term effectiveness of mitigation efforts.

To address these issues, the Permafrost Carbon Network (www.permafrostcarbon.org/) organized a multimodel assessment with "state-of-the-art" biogeochemical land models that coupled thaw depth with soil C exposure to evaluate (i) the contribution of model structural uncertainty and (ii) the potential impact of mitigation on the evolution of C storage in the northern permafrost region (Fig. 1) out to the year 2299. All models were forced with common climate projections (1, 7) for climate change pathways representative of substantive (RCP4.5 stabilization pathway) and little to no (RCP8.5 nonstabilization pathway) mitigation effort (see Fig. S1 for global and northern high-latitude temperature projections in comparison with other CMIP5 models); RCP4.5 and RCP8.5 are pathways that would result in preindustrial to 2100 radiative forcing being 4.5 W•m -2 (∼650 CO 2 equivalent) and 8.5 W•m -2 (∼1,370 CO 2 equivalent), respectively [START_REF] Van Vuuren | The representative concentration pathways: An overview[END_REF]. To achieve the RCP4.5 pathway would require carbon emissions per energy consumption by global human society to decrease by 75% during this century [START_REF] Van Vuuren | The representative concentration pathways: An overview[END_REF]. Our key questions in this analysis are as follows: (i) What is the variability in the projected loss of near-surface permafrost across models when forced with a common climate change trajectory (evaluated with eight models; Table 1)? (ii) What is the variability in projected changes of C stored in the permafrost region (soil and vegetation) for different representative mitigation pathways among model simulations (evaluated with five models; Table 1)? (iii) What factors explain the variability in the projected dynamics of C among the models (evaluated with three models; Table 1)? (iv) What are the implications for climate mitigation policies?

Results

Across the northern permafrost region, the 2010 estimates the permafrost area (defined in our study as the area for which the simulated maximum seasonal active layer thickness is less than 3-m deep) ranged from 13.1 to 19.3 (mean, 14.1 ± 3.5 SD) × 10 6 km 2 among the models. This range straddles the estimate of 16.2 × 10 6 km 2 occupied by the continuous and discontinuous permafrost in the Northern Hemisphere [START_REF] Slater | Diagnosing present and future permafrost from climate models[END_REF]. The 2010 estimates of soil C stock in the northern permafrost region ranged from 847 to 1,313 Pg C (mean, 1,104 ± 197 SD), which are comparable to an observationally based estimate of integrated C to 3 m in the northern permafrost region (1,035 ± 150 Pg C) [START_REF] Hugelius | Estimated stocks of circumpolar permafrost carbon with quantified uncertainty ranges and identified data gaps[END_REF]. The 2010 estimates of vegetation C stocks among the models ranged from 39 to 218 Pg C (mean, 126 ± 64 SD), which bracket, but generally overestimate, an observationally based estimate of vegetation C in tundra and boreal biomes (55 Pg C) [START_REF] Neigh | Taking stock of circumboreal forest carbon with ground measurements, airborne and spaceborne LiDAR[END_REF][START_REF] Raynolds | A new estimate of tundra-biome phytomass from trans-Arctic field data and AVHRR NDVI[END_REF].

There were substantial differences in the projected loss of permafrost from 2010 through 2299 among model simulations [RCP4.5, Fig. 2A, mean loss of 4.1 (±0.6 SD) × 10 6 km 2 ; range loss of 3.2-4.6 × 10 6 km 2 ; RCP8.5, Fig. 2B, mean loss of 12.7 (±5.1 SD) × 10 6 km 2 ; range loss of 5.7-16.1 × 10 6 km 2 ] (Fig. 2 A and B). The models generally agreed on the areal extent of nearsurface permafrost loss except one simulation for the RCP8.5 climate trajectory, which projected only about one-half of the loss by 2299 relative to the other models. Among the models that ran sensitivity simulations, ∼90% of the estimated permafrost loss was explained by model sensitivities to changes in air temperature (warming effect in Fig. 2 C andD).

Between 2010 and 2299, the model simulations of soil C for the RCP4.5 projection varied from gains of 70 Pg C to losses of 67 Pg C (mean 3-Pg C gain ± 50-Pg C SD; Fig. 3A). For the RCP8.5 projection, all of the models projected large net losses of soil C by 2299 that ranged from 74 to 652 Pg C (mean 341-Pg C loss ± 242-Pg C SD; Fig. 3B). Although all of the models projected net losses of soil C by 2299 for the RCP8.5 projection, the trajectories of soil C dynamics differed substantially among the models, with some models indicating that net soil C losses will occur throughout the projection period and others indicating that there would be a period of net soil C gain before losses ensued. The models also differed in the relative amount of soil C that would be lost by 2299 with three models losing less than 20% vs. two models that lost 50% and 63% of their initial soil C stock in 2010. Among the three models that ran sensitivity simulations, temperature changes were ∼16 times more important than precipitation changes in causing losses of net soil C for the RCP8.5 scenario.

Between 2010 and 2299, four of the five models indicated gains in vegetation C of up to 175 (mean, 69 ± 70 SD) Pg C for the RCP4.5 projection (Fig. 3C; one model estimated a loss of 3 Pg C) and all of the models indicated gains (10-to 363-Pg C gains; mean, 132 ± 148 SD Pg C) for the RCP8.5 projection (Fig. 3D). In the simulations for the RCP4.5 projection, the gains in vegetation C were largely responsible for the overall projected net gains in ecosystem C by 2299 (8-to 244-Pg C gains; mean, 71 ± 99 SD Pg C; Fig. 3E). In contrast, for the RCP8.5 projection, gains in vegetation C were not great enough to compensate for the losses of C projected by four of the five models, so that net changes in ecosystem C ranged from a loss of 641 Pg C to a gain of 167 Pg C by 2299 (mean loss, 208 Pg C ± 307 SD Pg C; Fig. 3F). Although the models disagreed as to whether net losses of ecosystem C would begin before or after 2100, all of the models indicated that substantial net losses of ecosystem C would not occur until after 2100 as a result of vegetation gain offsetting any soil C losses (Fig. 3F).

To gain a greater understanding of the variation in model responses, we analyzed the sensitivity of net primary production (NPP) and heterotrophic respiration (HR) to changes in atmospheric CO 2 (given no change in climate), mean annual air temperature (given no other changes in climate and CO 2 ), and annual precipitation (given no other changes in climate and CO 2 ) at the regional scale for three of the models. This analysis indicates that both NPP and HR were quite sensitive to changes in atmospheric CO 2 (Fig. 4 A and B; see Fig. S2 A and B for CO 2 sensitivity of HR). For the RCP4.5 projection, the sensitivity analysis indicates that NPP increases between 0.09 and 0.58 gC•m -2 •y -1 •ppmv -1 CO 2 (Fig. 4A), which is between 1.9% and 15.4% increase per 100 ppmv CO 2 , among the models. For the RCP8.5 projection, NPP has a similar range in sensitivity to atmospheric CO 2 until the increase in atmospheric CO 2 is more than ∼500 ppmv greater than the 2010 level (Fig. 4B, a point reached at 2095), at which point the response starts to saturate. For the model with N limitation of photosynthetic assimilation (TEM6), NPP saturation is essentially complete for a CO 2 increase of 800 ppmv, but NPP of the other models is not yet saturated for a CO 2 increase of 1,600 ppmv. The analyses of air temperature sensitivities (i.e., warming effect in Fig. 4) for the RCP4.5 projection indicate that HR, the sensitivity of which includes both per-gram sensitivity combined with the quantity of soil C exposed to decomposition, is more sensitive to changes in air temperature (6.44-22.10 gC•m -2 •y -1 •°C -1 ; Fig. 4E) than NPP (4.48-21.90 gC•m -2 •y -1 •°C -1 ; Fig. 4C) for each of the models. The air temperature sensitivity of HR for the RCP8.5 projection (12.64-59.99 gC•m -2 •y -1 •°C -1 through +8.62 °C; Fig. 4F) is greater than that for the RCP4.5 projection, although the sensitivity tends to decline above approximately +8.5 °C. For the RCP8.5 projection, HR (Fig. 4F) is quite a bit more sensitive than NPP (Fig. 4D) for the UVic model (59.99 vs. 31.82 gC•m -2 •y -1 •°C -1 ), slightly more sensitive for the ORCHb model (12.64 vs. 11.07 gC•m -2 •y -1 •°C -1 ), but less sensitive for the TEM6 model (16.43 vs. 25.26 gC•m -2 •y -1 •°C -1 ) until approximately +5 °C. After approximately +5 °C, the TEM6 NPP sensitivity becomes negative (-13.25 gC•m -2 •y -1 •°C -1 ). Our analyses indicated that there was little sensitivity to changes in precipitation for model responses of NPP (Fig. S2 C andD) and HR (Fig. S2 E andF).

Discussion and Conclusions

It is important to assess the degree to which the climate system is sensitive to the loss of C in the permafrost region. However, most land models that are being used within earth system models, which are being developed to consider how interactions among physical, biological, and human systems influence climate, do not yet represent the linkage between permafrost and soil C dynamics needed to confidently assess the response of C in the northern permafrost region to projected climate change. Syntheses of models that do represent this linkage estimate that the feedback to the climate system from the decomposition of frozen soil C in permafrost could add up to 0.27 °C additional global warming by 2100 and up to 0.42 °C by 2300 for climate change scenarios that represent little or no mitigation effort [START_REF] Schaefer | Policy Implications of Thawing Permafrost, United Nations Environment Programme Special Report[END_REF][START_REF] Schaefer | The impact of the permafrost carbon feedback on global climate[END_REF][START_REF] Burke | Quantifying uncertainties of permafrost carbon-climate feedbacks[END_REF].

The vulnerability of permafrost and ecosystem C pools in the permafrost region depends in part on the exposure of permafrost C to changes in atmospheric CO 2 and climate. This study analyzed this vulnerability for climate change projections that represented both substantive and little/no mitigation effort. Our analysis indicates that the northern permafrost region could act as a net sink for C (that includes both changes in both vegetation and soil C) under more aggressive climate change mitigation pathways, which both process-based and atmospheric inversion models suggest has been happening in recent decades [START_REF] Mcguire | Variability in the sensitivity among model simulations of permafrost and carbon dynamics in the permafrost region between 1960 and 2009[END_REF][START_REF] Mcguire | Sensitivity of the carbon cycle in the Arctic to climate change[END_REF]. Although enhanced NPP could maintain the net sink under aggressive mitigation pathways, it is important to realize that, during this century and beyond, soil C in permafrost will be exposed to decomposition once thawed under any warming pathway, a portion of which will be lost to the atmosphere. Under less aggressive mitigation pathways, the region would likely act as a net source of C to the atmosphere, as noted by previous syntheses [START_REF] Koven | A simplified, data-constrained approach to estimate the permafrost carbon-climate feedback[END_REF][START_REF] Schuur | Climate change and the permafrost carbon feedback[END_REF], but substantial net losses of C would not occur until after 2100. These results suggest that effective mitigation efforts during the remainder of this century could substantially attenuate the negative consequences of net C releases from the permafrost region.

This conclusion is tempered by three primary sources of uncertainty, one of which is associated with climate forcing, one of which is associated with model structural and functional deficiencies, and one of which is associated with variability in the sensitivity of the models to climate forcing. We only used the climate projections from one earth system model in the CMIP5 archive to facilitate comparison of sensitivity to forcing among the models. We considered the CCSM4 CMIP5 climate projections both appropriate and representative projections from the CMIP5 archive because of (i) the substantial effort that has gone into representing permafrost in CCSM4 [START_REF] Lawrence | The sensitivity of a model projection of near-surface permafrost degradation to soil column depth and inclusion of soil organic matter[END_REF][START_REF] Lawrence | Simulation of present-day and future permafrost and seasonally frozen ground conditions in CCSM4[END_REF][START_REF] Lawrence | The contribution of snow condition trends to future ground climate[END_REF], (ii) the rate of warming projected by CCSM4 is an intermediate rate in the northern permafrost region compared with the other earth system models in the CMIP5 archive (Fig. S1) [START_REF] Koven | Analysis of permafrost thermal dynamics and response to climate change in the CMIP5 earth system models[END_REF], and (iii) CCSM4 was among the higher performing models with respect to present-day temperature and precipitation trajectories over the northern permafrost region [START_REF] Van Vuuren | The representative concentration pathways: An overview[END_REF].

It is important to recognize that biogeochemical models generally applied in the northern permafrost region have known structural and functional deficiencies [START_REF] Fisher | Missing pieces to modeling the Arctic-Boreal puzzle[END_REF], such as the representation of moss dynamics. Although the models in this study implicitly consider moss to be part of vegetation biomass, moss is static in the permafrost component of these models (Table S1) and the models do not explicitly couple moss C dynamics to soil C dynamics (Table S2). Moss can be an important component of the vegetation in some ecosystems of the northern permafrost region. For example, moss comprises 40% of biomass in sedge tundra ecosystems [START_REF] Euskirchen | Changes in vegetation in northern Alaska under scenarios of climate change, 2003-2100: Implications for climate feedbacks[END_REF]. Even though the models in this study have some deficiencies with respect to modeling the full dimensions of C dynamics in the northern permafrost region, it is important to recognize that earth system models in general do not include any representation of the permafrost carbon-climate feedback because the land models generally used in earth system models have not yet included vertically resolved C dynamics in the soil. Thus, this study provides an important comparison point for future efforts to evaluate the permafrost carbon-climate feedback by the earth system model community as they become more capable of evaluating the magnitude of the permafrost carbon-climate feedback.

A step toward reducing uncertainty in the range of additional warming estimated by fully coupled earth system models is to better understand the sources of uncertainty among the carbon models used in earth system models [START_REF] Luo | Toward more realistic projections of soil carbon dynamics by earth system models[END_REF]. The performance and sensitivity of the permafrost and biogeochemistry models used in this study to historical changes in atmospheric CO 2 and climate have been evaluated in the northern permafrost region in several previous studies conducted by the Permafrost Carbon Network [START_REF] Mcguire | Variability in the sensitivity among model simulations of permafrost and carbon dynamics in the permafrost region between 1960 and 2009[END_REF][START_REF] Xia | Terrestrial ecosystem model performance in simulating productivity and its vulnerability to climate change in the northern permafrost region[END_REF][START_REF] Wang | Evaluation of air-soil temperature relationships simulated by land surface models during winter across the permafrost region[END_REF][START_REF] Peng | Simulated high-latitude soil thermal dynamics during the past 4 decades[END_REF][START_REF] Rawlins | Assessment of model estimates of land-atmosphere CO 2 exchange across northern Eurasia[END_REF]. These analyses have provided the basis for improving models through constraining model sensitivities based on experimental-and field-based syntheses [START_REF] Olefeldt | Environmental and physical controls on northern high latitude methane fluxes across permafrost zones[END_REF][START_REF] Schädel | Potential carbon emissions dominated by carbon dioxide from thawed permafrost soils[END_REF][START_REF] Treat | A pan-Arctic synthesis of CH 4 and CO 2 production from anoxic soil incubations[END_REF].

The sensitivities of model NPP responses to changes in atmospheric CO 2 for RCP4.5 were between 1.9% and 15.4% increase in NPP per 100-ppmv CO 2 before saturation, which is generally consistent with syntheses of free-air exchange CO 2 enrichment (FACE) experiments (mean of 13% globally) [START_REF] Piao | Evaluation of terrestrial carbon cycle models for their response to climate variability and to CO 2 trends[END_REF]. However, it is important to recognize that these syntheses primarily represent FACE experiments that were conducted in temperate forests. Thus, there is the need for FACE experiments in the northern permafrost region to better constrain model responses to enhance atmospheric CO 2 in the region. In this study, the model with the least sensitivity (TEM6) was the only model in the sensitivity analysis for which C uptake was limited by plant N dynamics. Because the CO 2 response of the northern permafrost region is expected to be damped by N limitation [START_REF] Mcguire | The role of nitrogen in the response of forest net primary production to elevated atmospheric carbon dioxide[END_REF][START_REF] Mcguire | Equilibrium responses of global net primary production and carbon storage to doubled atmospheric carbon dioxide: Sensitivity to changes in vegetation nitrogen concentration[END_REF], it is important for earth system models to make progress in implementing N limitation to more effectively constrain analyses of the permafrost carbon-climate feedback.

Although the response to CO 2 fertilization is the primary reason for increases in C storage simulated by the models, models did exhibit substantial sensitivity of NPP to changes in air temperature. In recent decades, increasing temperatures appear to have increased plant biomass in tundra [START_REF] Frost | Tall shrub and tree expansion in Siberian tundra ecotones since the 1960s[END_REF][START_REF] Ju | The vegetation greenness trend in Canada and US Alaska from 1984-2012 Landsat data[END_REF], although some recent studies indicate that the long-term trend of greening in tundra may be experiencing a reversal in this decade [START_REF] Epstein | Tundra greeness[END_REF][START_REF] Phoenix | Arctic browning: Extreme events and trends reversing arctic greening[END_REF]. Some analyses suggest that productivity in boreal forest regions has decreased in recent decades [START_REF] Beck | Satellite observations of high northern latitude vegetation productivity changes between 1982 and 2008: Ecological variability and regional differences[END_REF]. In contrast, models generally indicate that NPP and vegetation C in the northern permafrost region have increased historically (2) and will continue to increase in the future (this study). It is important to recognize that there are some potentially important interactions of the NPP response to both changes in atmospheric CO 2 and temperature. For example, models that include N dynamics can predict increases in NPP in response to warming because of increased nitrogen availability released as a consequence of increased HR in response to warming [START_REF] Mcguire | Interactions between carbon and nitrogen dynamics in estimating net primary productivity for potential vegetation in North America[END_REF], which may work against the N limitation of NPP to enhanced atmospheric CO 2 . This response of NPP to enhanced N availability from soil warming occurs in TEM6, and is largely the reason why the model does not have as large a loss of soil C that would be expected because of N limitation to enhanced atmospheric CO 2 . In addition, warming may lengthen the growing season to allow vegetation to take up more CO 2 from the atmosphere. Because the responses of ecosystem C among the models in this study depend substantially on the responses of NPP, which has a complicated response to changes in CO 2 and temperature, it is important to better reconcile the NPP sensitivity of the models to changes in atmospheric CO 2 and temperature with observationbased analyses of changes in productivity and biomass.

In general, the models indicate that HR is more sensitive to temperature change than NPP, and that HR is much more sensitive in the RCP8.5 simulations than the RCP4.5 simulations as more soil C becomes exposed to decomposition because of deeper permafrost thaw. This variability in temperature sensitivity, combined with variability in CO 2 sensitivity, leads to substantial uncertainty in the timing and magnitude of the permafrost carbon-climate feedback. Data to constrain the HR responses to warming have recently been synthesized [START_REF] Schädel | Potential carbon emissions dominated by carbon dioxide from thawed permafrost soils[END_REF]. In addition, a recently introduced metric for soil C residence time may also help constrain the models [START_REF] Koven | Higher climatological temperature sensitivity of soil carbon in cold than warm climates[END_REF].

Despite model uncertainties, the results of this study indicate that, under climate change trajectories resulting from little or no mitigation effort, such as the RCP8.5 climate we considered, the northern permafrost region would likely act as a source of soil carbon to the atmosphere, but substantial net losses would not occur until after 2100. Under climate change trajectories resulting from more aggressive mitigation, such as the RCP4.5 climate we considered, our analysis indicates that the northern permafrost region could act as a net sink for carbon. These results have significant implications for climate mitigation policies, as they indicate that effective mitigation policies could attenuate the negative consequences of the permafrost-carbon feedback that are likely to occur under policies that result in little or no mitigation.

Methods

The spatial domain of the permafrost region in the Northern Hemisphere that we considered in this study (Fig. 1; 30.88 × 10 6 km 2 ) was defined based on (i) the location of glaciers and ice sheets in the Northern Hemisphere, (ii) the extent of the boreal Asia, boreal Europe, and boreal North America regions [START_REF] Hayes | Is the northern high-latitude land-based CO 2 sink weakening?[END_REF], and (iii) other permafrost areas outside of these areas identified as part of the northern permafrost domain in a permafrost and ground ice condition map [START_REF] Brown | Circum-Arctic Map of Permafrost and Ground-Ice Conditions (National Snow and Ice Data Center/ World Data Center for Glaciology[END_REF]. The models in this study did not simulate permafrost and C dynamics for glacier and ice sheet area. The areas of boreal Asia, Europe, and North America facilitate comparisons with inversion model analyses of the C cycle. The "Other" area includes areas of Tibet and various mountain ranges in the Northern Hemisphere as well as areas just south of boreal Asia that are considered part of the permafrost region [START_REF] Brown | Circum-Arctic Map of Permafrost and Ground-Ice Conditions (National Snow and Ice Data Center/ World Data Center for Glaciology[END_REF].

All models were driven with a common projection period forcing by applying monthly climate anomalies/scale factors from a CCSM4 simulation that included the RCP4.5 and RCP8.5 (2006-2100) [START_REF] Meehl | Climate change projections in CESM1(CAM5) compared to CCSM4[END_REF] and the extended concentration pathways (ECP4.5 and ECP8.5, 2101-2299) (42) on top of repeating early 20th century reanalysis forcing. The historical (before 2010) driving datasets in this study were model dependent as a number of models were involved in activities that relied on the use of different retrospective forcing datasets. Therefore, each modeling group was free to choose appropriate driving datasets for climate, atmospheric CO 2 , N deposition, disturbance, soil texture, and other forcing data. The historical driving datasets used by each model were documented in table 3 of McGuire et al. [START_REF] Mcguire | Variability in the sensitivity among model simulations of permafrost and carbon dynamics in the permafrost region between 1960 and 2009[END_REF]. The spin-up process was also specific to each model, but it was conducted to support the delivery of simulation results starting in 1960. Guidance was provided from the Permafrost Carbon Network modeling group on how to apply the monthly anomalies, but each modeling group was responsible for harmonizing the historical and future datasets that were to be used for driving their models. The same time series for global atmospheric carbon dioxide concentrations was used to drive all models.

Compared with other earth system models, the CCSM4 simulations we used for forcing projected intermediate levels of temperature change for both global and northern high latitudes domains for both RCP4.5/ECP4.5 and RCP8.5/ECP8.5 pathways (Fig. S1). CCSM4 was among the higher performing models with respect to the mean present-day temperature bias across the northern permafrost region [START_REF] Van Vuuren | The representative concentration pathways: An overview[END_REF]. In general, the temperature and precipitation trajectories over the northern permafrost region projected by CCSM4 for RCP4.5 and RCP8.5 did not diverge until around 2040. However, divergence was substantial after 2040, with these variables for RCP4.5 more or less stable by 2100, while for RCP8.5 these variables were not stable even by 2299. Between the decades of 2010-2019 and 2290-2299, the CCSM4 simulations for the RCP4.5 and RCP8.5 pathways, respectively, project that over the northern permafrost region (i) mean annual air temperature will increase by 2.6 and 12.8 °C; (ii) annual precipitation will increase 37 and 137 mm; (iii) down-welling surface short wave radiation will decrease 1.5 and 4.8 W•m -2 ; (iv) down welling surface long-wave radiation will increase 12.3 and 64.1 W•m -2 , and (v) near-surface specific humidity will increase 0.00047 and 0.00280 kg•kg -1 .

Our analysis of simulated permafrost dynamics focuses on changes in nearsurface permafrost area between 2010 and 2299. While there are many different ways to define and estimate the presence of near-surface permafrost [Wang et al. (23)], we operationally define the area of near-surface permafrost in this study as the area simulated in which the maximum seasonal active layer thickness (ALT) is less than 3 m, that is, where the bulk of the frozen C is located [START_REF] Hugelius | Spatial upscaling using thematic maps: An analysis of uncertainties in permafrost soil carbon estimates[END_REF].

Our analysis of the variability in the sensitivity of C focuses on changes in soil C, vegetation C, and total ecosystem C between 2010 and 2299. Soil C is an aggregated variable that is the sum of estimates for litter C, organic horizon C, mineral soil C, coarse woody debris, land use pools (e.g., wood and agricultural products), and soil C exudates reported by some models. Vegetation C is the sum of any live vegetation pool and typically includes leaves, stems, and root C. Although the models in this study did not consider moss to be an explicit dynamic compartment in the vegetation, they either lumped moss biomass/ NPP into a leaf compartment or into the aggregated vegetation biomass/NPP so that it is considered implicitly as part of the vegetation C dynamics. Ecosystem C is the sum of the aggregated soil and vegetation C pools.

The fluxes we considered in this study for calculating C balance included NPP, HR, fire emissions (Fire C), biogenic CH 4 emissions (BIO C-CH 4 ), and lateral C fluxes. NPP is the net uptake of CO 2 by vegetation and represents the difference between photosynthetic uptake and plant respiration. HR is the release of CO 2 to the atmosphere associated with decomposition of dead organic matter. Fire C is the release of C-related compounds to the atmosphere from the combustion of above-and below-ground C pools during fire. We assumed that all of Fire C is CO 2 since the models did not distinguish among species of C emitted (i.e., CO 2 , CO, and pyrogenic CH 4 ). BIO C-CH 4 represents biogenic CH 4 emissions to the atmosphere from the production of methane by methanogenic organisms in the soil minus any uptake in the soil column by methanotrophic organisms. In general, the models in this study do not explicitly consider the CH 4 emissions from lakes in the permafrost region, although their definition of the spatial extent of wetlands may include lakes. Lateral C includes any lateral losses of C from the ecosystem C pools that we do not directly estimate in the balance with the atmosphere, and include the lateral transfer of harvest products from agriculture, forestry, and land use, as well as C fluxes to aquatic ecosystems such as dissolved organic C. Note that some proportion of lateral C is returned to that atmosphere at the regional scale, but the models in this study do not estimate that proportion.

In this study, we compare permafrost and C dynamics of the permafrost region between 2010 and 2299 among five models that have focused on representing soil C explicitly with depth in permafrost regions. Our comparison of permafrost dynamics also included three other models that did not model C explicitly with depth. The model simulations of both permafrost and C dynamics analyzed in this study include those from (i) the Community Land Model (CLM4.5, version 4.5) (44, 45), (ii) the ORCHIDEE-IPSL model (ORCHb) [START_REF] Koven | On the formation of high-latitude soil carbon stocks: Effects of cryoturbation and insulation by organic matter in a land surface model[END_REF][START_REF] Koven | Permafrost carbon-climate feedbacks accelerate global warming[END_REF][START_REF] Gouttevin | How the insulating properties of snow affect soil carbon distribution in the continental pan-Arctic area[END_REF][START_REF] Gouttevin | Multi-scale validation of a new soil freezing scheme for a land-surface model with physically-based hydrology[END_REF], (iii) the SiBCASA land model (SiBCASA) ( 50), (iv) version 6 of the Terrestrial Ecosystem Model (TEM6) [START_REF] Hayes | Is the northern high-latitude land-based CO 2 sink weakening?[END_REF][START_REF] Hayes | The impacts of recent permafrost thaw on land-atmosphere greenhouse gas exchange[END_REF], and (v) the University of Victoria Earth System Climate Model (UVic) [START_REF] Macdougall | Significant existing commitment to warming from the permafrost carbon feedback[END_REF][START_REF] Avis | Reduction in areal extent of high-latitude wetlands in response to permafrost thaw[END_REF]. Our analysis of permafrost dynamics also used the Geophysical Institute Permafrost Lab model (GIPLb) [START_REF] Nicolsky | Estimation of soil thermal properties using in-situ temperature measurements in the active layer and permafrost[END_REF], the Common Land Model (CoLM) [START_REF] Dai | The common land model (CLM)[END_REF][START_REF] Ji | Description and basic evaluation of Beijing Normal University earth system model (BNU-ESM) version 1[END_REF], and the Joint UK Land Environment Simulator (JULES) [START_REF] Best | The joint UK land environment simulator (JULES), model description-Part 1: Energy and water fluxes[END_REF][START_REF] Clark | The joint UK land environment simulator (JULES), model description-Part 2: Carbon fluxes and vegetation dynamics[END_REF]. The key features that influence soil thermal dynamics of these models are compared in Table S1. The key structural features that influence permafrost region C dynamics of the models are compared in Table S2.

To determine the relative effects of the atmospheric temperature, CO 2 , and precipitation drivers on the C cycle responses of the models, we conducted three additional simulations in addition to the simulation with all of the drivers. A subset of the models performed separate simulations with (i) detrended air temperature, (ii) constant CO 2 , and (iii) detrended temperature and precipitation [see table 4 of McGuire et al. (2)]. Three of the five models that were analyzed for C dynamics in this study provided results from these ancillary simulations (ORCHb, TEM6, and UVic). The effects of changes in temperature (Fig. 2 for changes in permafrost area, Fig. 4) and atmospheric CO 2 (Fig. 4 and Fig. S2) between 2010 and 2299 were estimated by subtracting the results of the detrended air temperature and constant CO 2 simulations, respectively, from the simulation with all drivers. The effect of changes in precipitation (Fig. S2) was estimated by subtracting the detrended temperature and precipitation simulation from the detrended air temperature simulation.
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Fig. 1 .

 1 Fig. 1. The spatial extent of the permafrost region in the Northern Hemisphere defined in this study. Subregions include boreal Asia (BOAS), boreal Europe (BOEU), boreal North America (BONA), Glaciers and Ice Sheets (Ice), and other permafrost areas (Other). Reprinted with permission from ref. 2.

Fig. 2 .

 2 Fig. 2. Changes in simulated permafrost dynamics. Simulated cumulative changes in (A and B) permafrost area for active layer thickness (ALT) less than 3 m from 2010 to 2299 and (C and D) the sensitivity of simulated changes in permafrost area to changes in mean annual air temperature for the CCSM4 model (Left column) RCP4.5 and (Right column) RCP8.5 projections.

Fig. 3 .

 3 Fig. 3. Changes in simulated carbon storage. Simulated cumulative changes in (A and B) soil, (C and D) vegetation, and (E and F) total ecosystem carbon storage between 2010 and 2299 for the CCSM4 model (Left column) RCP4.5 and (Right column) RCP8.5 projections.

Fig. 4 .

 4 Fig. 4. The sensitivity of carbon dynamics to changes in atmospheric CO 2 and temperature. The sensitivity of simulated (A and B) net primary production (NPP) to changes in atmospheric CO 2 , (C and D) NPP to changes in mean annual air temperature, and (E and F) heterotrophic respiration (HR) to changes in mean annual air temperature for the CCSM4 model (Left column) RCP4.5 and (Right column) RCP8.5 projections.

Table 1 .

 1 Models used in this study to assess responses of permafrost dynamics, carbon dynamics, and sensitivity of carbon dynamics to changes in atmospheric CO 2 , air temperature, and precipitation

			Used to simulate		Used to evaluate
			permafrost	Used to simulate	sensitivity of carbon
	Model acronym	Model name	dynamics	carbon dynamics	dynamics
	CLM4.5	Community Land Model, Version 4.5	Yes	Yes	No
	CoLM	Common Land Model	Yes	No	No
	JULES	Joint UK Land Environmental Simulator	Yes	No	No
	ORCHb	Orchidee Land Model, Version b*	Yes	Yes	Yes
	UVic	University of Victoria Earth System Climate Model	Yes	Yes	Yes
	TEM6	Terrestrial Ecosystem Model, Version 6	Yes	Yes	Yes
	SiBCASA	Simple Biosphere/Carnegie-Ames-Stanford Approach Model	Yes	Yes	No
	GIPLb	Geophysical Institute Permafrost Lab Model, Version b †	Yes	No	No

*ORCHb considers depth of carbon dynamics to 47 m in the soil column, in comparison with 2 m in ORCHa. † GIPLb increases snow density as it accumulates on the ground surface, in comparison with empirical snow warming factors in GIPL. 3884 | www.pnas.org/cgi/doi/10.1073/pnas.1719903115 McGuire et al.

| www.pnas.org/cgi/doi/10.1073/pnas.1719903115 McGuire et al.
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