On the magnitude of positive feedback between future climate change and the carbon cycle

J.-L. Dufresne

IPSL/LMD, Paris, France

P. Friedlingstein, M. Berthelot, L. Bopp, P. Ciais

IPSL/LSCE , Gif sur Yvette, France

L. Fairhead, H. Le Treut

IPSL/LMD, Paris, France

P. Monfray

IPSL/LSCE , Gif sur Yvette, France

Abstract. We use an ocean-atmosphere general circulation model coupled to land and ocean carbon models to simulate the evolution of climate and atmospheric CO_2 from 1860 to 2100. Our model reproduces the observed global mean temperature changes and the growth rate of atmospheric CO_2 for the period 1860-2000. For the future, we simulate that the climate change due to CO_2 increase will reduce the land carbon uptake, leaving a larger fraction of anthropogenic CO_2 in the atmosphere. By 2100, we estimate that atmospheric CO_2 will be 18% higher due to the climate change impact on the carbon cycle. Such a positive feedback has also been found by [Cox et al., 2000]. However, the amplitude of our feedback is three times smaller than the one they simulated. We show that the partitioning between carbon stored in the living biomass or in the soil, and their respective sensitivity to increased CO_2 and climate change largely explain this discrepancy.

Introduction

Atmospheric CO_2 has increased by 80 ppmv over the last two centuries as a result of fossil fuel burning and land use changes [Schimel et al., 1995]. These anthropogenic emissions are expected to continue in the coming decades. The corresponding atmospheric CO_2 concentration, needed to estimate future climate change, is not straightforward to predict since both the land and the ocean play a role in controlling atmospheric CO_2. Rising atmospheric CO_2 is known to increase plant photosynthesis [DeLucia et al., 1999] and carbon dissolution in seawater [Oeschger et al., 1975]. On the other hand, future climate change is believed to reduce the ocean carbon uptake [Sarmiento et al., 1998; Joos et al., 1999] and the terrestrial carbon uptake [Cramer et al., 2001]. These reductions may constitute a positive feedback which has been estimated in a previous analysis based on off-line simulations [Friedlingstein et al., 2001]. Recently, fully coupled climate-carbon simulations were performed by [Cox et al., 2000] using the Hadley Center HadCM3 climate model coupled to a carbon cycle model. They found a very large negative impact of climate change on land carbon cycle with a decline of tropical forest and a widespread climate-driven loss of soil carbon leading to large CO_2 losses to the atmosphere. In this paper we present results obtained with our climate-carbon coupled model and we compare our results with [Cox et al., 2000], highlighting the main reasons for discrepancies.

1

Models and Runs Description

Our climate model is a coupled ocean-atmosphere general circulation mode, the IPSL-CM2 model [Khodri et al., 2001]. The carbon model is composed of the SLAVE code [Friedlingstein et al., 1995] for the terrestrial part and of the IPSL-OCCM1 code [Aumont et al., 1999] for the ocean part. Simulated monthly mean climate fields and annual mean atmospheric CO_2 concentration drive both carbon models, the annual change in CO_2 concentration being calculated as the balance between prescribed emissions and the land and ocean sinks.

Starting from an initial state where the coupled climate carbon model is near equilibrium^1, two 240 year-long simulations have been performed without any restoring term or flux correction. The first one is a control simulation without any anthropogenic CO_2 sources. The second is a scenario simulation where CO_2 emissions are prescribed, using historical emissions from fossil and land use change from 1860 to 1990 [Andres et al., 1996], and the IPCC SRES98-A2 emission scenario from 1990 to 2100 [Nakicenovic et al., 2000]. CO_2 sources are the only change between the two runs. The control run results are realistic and display no significant drift^1 in both global mean surface temperature and atmospheric CO_2 (Fig. 1).

Recent Historical Period and Future Period

Over the period 1860-2000, we simulate a rise in global mean surface temperature of 0.6^∘C (Fig. 1), consistent with observations [Jones, 1994]. The simulated atmospheric CO_2 concentration matches measurements [Etheridge et al., 1996] within a few ppmv (Fig. 1). Over the 1980s, the mean land and ocean uptake amounts to 1.9 and 2.1 GtCy^{−1} respectively, consistent with recent estimates [Keeling et al., 1996; Battle et al., 2000]. Also, CO_2 interannual variability is realistic in term of amplitude.

In the scenario run we obtain, by 2100, an atmospheric CO_2 increase of 484 ppmv (from 286 to 770 ppmv), a global temperature increase of 3^∘C (4.4^∘C over the continents) and a small global mean precipitation increase (4%). The oceanic circulation shows a small but significant reduction of the thermohaline circulation and of the deep convection at high latitudes.

Figure 1. Atmospheric CO_2 and global mean surface temperature time series for the control run for the scenario run and comparison with observation. The atmospheric CO_2 for the prescribed climate run is also represented.

Carbon Climate Feedbacks

To quantify the climate carbon feedback, we perform an additional carbon cycle simulation called ”prescribed climate”, where the CO_2 emissions are the same as in the ”scenario” run but where the associated climate change is not considered. The biospheric and oceanic carbon models are therefore driven by the climate of the control run. The prescribed climate simulation shows a lower atmospheric CO_2 increase than does the scenario simulation (Fig. 1). By 2100, CO_2 reaches only 695 ppmv. That means that interactions between climate and carbon cycle increase by 18% the accumulation of CO_2 in the atmosphere.

This results confirm the findings of [Cox et al., 2000] and we both attribute this positive feedback to the terrestrial biosphere. However magnitude of their climate impact is approximately 3 times larger than ours. While we simulate a 75 ppmv additional atmospheric CO_2 increase, [Cox et al., 2000] simulate a 250 ppmv increase because of climate change impact on the biosphere. In our simulations, the cumulated land uptake over the 1860-2100 period amounts to 680 GtC in the prescribed climate run and is reduced to 480 GtC in the scenario run. Cox et al., [2000] simulate a 630 GtC uptake in their prescribe climate run (called the offline experiment in their paper) but a 100 GtC source in their scenario run (called the coupled run in their paper).

Regarding the ocean uptake, both studies agree that despite a stratification and a warming of its surface, the ocean uptake slightly increase under the climate change. In our study, cumulated ocean uptake amounts to 670 GtC in the prescribed climate run, to be compared to 700 in the scenario run (Hadley corresponding numbers being 370 and 490 respectively). This seems to be in contradiction with previous ocean only model studies [Sarmiento et al., 1998; Joos et al., 1999; Bopp et al., 2001] which all simulated that climate change reduces ocean carbon uptake. Additional simulations show that the climate-induced reduction of biospheric uptake induces a larger atmospheric CO_2 rise, leading to a larger geochemical air-sea exchange. That latter compensates the reduction of ocean carbon uptake due to climate change alone. In other words, the reduced land uptake, through enhanced atmospheric CO_2 leads to a increased ocean uptake, a feedback obviously missed in ocean only studies. Note that the IPSL ocean uptake, despite a lower atmospheric CO_2, is much larger than the Hadley ocean uptake.

Discussion

On the continents, a combination of several mechanisms explain the large difference between the Hadley Center and the IPSL results. One obvious difference between our study and the one from the Hadley Center is that this latter uses a terrestrial model that accounts for vegetation dynamics, a process we did not include in our simulations. However, the following analysis clearly shows that this can not be the only reason.

Figure 2 shows the allocation of carbon to vegetation and soil for the runs of both Hadley and IPSL. The major difference between the two study lies in the CO_2 and climate relative impacts on vegetation and soil carbon.

First, we predict that increased CO_2 alone induces a larger increase of carbon in vegetation (400 GtC) than in soil (200 GtC), whereas the [Cox et al., 2000] study shows the partitioning tendency to be in the opposite sense (200 GtC increase in vegetation and 400 GtC increase in soils) (Fig. 2). We compared these results to the ones from [Cramer et al., 2001], who intercompares 6 different dynamic global vegetation models (DGVMs) under CO_2 and climate change scenario. Out of these 6 DGVMs, 3 simulate a larger storage in vegetation than in soil as we do, 2 simulate similar storage in vegetation

Figure 2. Partitioning of terrestrial carbon pools changes between living vegetation (top left) and soil (top right). Blue line shows the carbon changes in the prescribed climate run for total lands (thick line) and Amazon region only (thin line), red lines are for the scenario run. The bottom two panels show the same quantities from the [Cox et al., 2000] study.

and soil, while only one (the model of Cox et al., [2000]) simulates the opposite, a larger storage in the soil than in the vegetation (Table 1).

Table 1. Carbon allocated to vegetation (Δ Veg), carbon allocated to soil (Δ Soil) and allocation ratio for the models from the [Cramer et al., 2001] DGVM intercomparison study, the [Cox et al., 2000] coupled simulation and this present work. All numbers are taken for the simulation with CO_2 increase alone, at the time where atmospheric CO_2 reaches 700 ppmv.

Δ Veg (GtC) Δ Soil (GtC) Δ Veg/Δ Soil

HYBRID 410 75 5.47

IBIS 460 180 2.55

SDGVM 260 120 2.17

VECODE 180 160 1.13

LPJ 250 270 0.93

TRIFFID 400 520 0.77

Cox et al. 220 410 0.54

This study 380 220 1.73

Second, the climate impact on the terrestrial reservoirs is also quite different in the two model runs. Spatially, our carbon decrease is mainly located in the tropics, and affects equally the vegetation and the soil, whereas in [Cox et al., 2000], vegetation carbon decrease is primarily tropical, but soil carbon release, which is responsible for their large positive feedback, is essentially occuring in the extra-tropics (Fig. 2). The contribution of the Amazon forest dieback to the positive feedback is secondary.

When focussing on the processes responsible for the reduced land uptake in both studies, we also see different responses. In the IPSL scenario run, the warming is associated to a soil drying in the tropics. The drying leads to a severe reduction of net primary production (NPP) (-25% in the Amazon basin), as well as a reduction of soil respiration rate (SRR). The warming tends to increase SRR, but the drying effect dominates and SRR decreases in the tropics in our coupled simulation. The Hadley run also simulates an NPP reduction in the Amazon basin, but simulates a very large increase of SSR because of higher temperature. We note that both models parameterize the soil respiration response to temperature with a Q_{10} formulation, the value of the Q_{10} parameter being set to 2 in the two models. However, [Cox et al., 2000] simulate a much larger negative climate impact on soil carbon (-550 GtC) than we do (-100 GtC) (Fig. 2). This is in part due to the large soil pool they build through CO_2 fertilization, but also due to the worldwide SRR increase consequent to the warming simulated by their climate model.

Finally, we are also aware that we do not account for the actual change of land cover due to deforestation. Therefore, our simulation with a fixed land cover is likely to overestimate CO_2 fertilization in regions where deforestation may occur in the future. In order to evaluate this bias, we performed an additional offline simulation with an imposed 1%/yr conversion of tropical forest area to savannas. This reduces the biospheric and enhances the positive feedback by an other 50 ppmv by 2100. The Hadley simulation does not account for direct land cover changes either. However, they simulate the climate impact on land cover with the dieback of the Amazon forest starting around 2050. Although this may seems realistic, it introduces an inconsistency insofar as their input emission scenario already accounts for tropical deforestation, and they thus account twice for the associated CO_2 fluxes.

Conclusion

In summary, our results confirm the [Cox et al., 2000] study that there is a positive feedback between climate and carbon cycle, due to the climate impact on the terrestrial biosphere. However, the effects of climate change on atmospheric CO_2 and on the carbon cycle is subtle and still poorly constrained by manipulative experiments. Better representation of future carbon cycle and its control on the climate system requires a clear understanding at the regional scale of the relative sensitivities of the land and ocean carbon cycle to atmospheric CO_2 and climate change. As highlighted by the comparison with the study of [Cox et al., 2000], the question of whether the additional storage of carbon occurs in the vegetation or in the soil seems to be crucial, as these two compartments have drastically different sensitivities to climate change. Also, the response of soil respiration to warming and drying needs to be better constrained in terrestrial models. Finally, a clear methodology needs to be pursued in order to account for both the direct (through deforestation) and indirect (through climate change) impacts of human on the vegetation in vegetation models avoiding model inconsistencies.

Acknowledgments. This work was part of the IPSL modelling pole, and is supported by PNEDC Program. Computer time was provided by IDRIS/CNRS and by DKRZ. We wish to thank Prof. L. Bengtsson for giving us access to the DKRZ supercomputer. We thanks D. Schimel and K. Rodgers for comments on the manuscript. We are very grateful to Peter Cox for providing us his data for figure 2, and to A. Bondeau for the DGVM intercomparison data used in Table 1 .

References

Andres, R., G. Marland, I. Fung, and E. Matthews, A 1^o x 1^o of carbon dioxide emissions from fossil fuel consumption and cement manufacture, 1950-1990, Glob. Biogeochem. Cyc., 10 , 419–429, 1996.

Aumont, O., J. Orr, P. Monfray, G. Madec, and E. Maier- Reimer, Nutrient trapping in the equatorial pacific: The ocean circulation solution, Glob. Biogeochem. Cyc., 13 , 351–369, 1999.

Battle, M., M. L. Bender, P. P. Tans, J. W. C. White, J. T.

Ellis, T. Conway, and R. J. Francey, Global carbon sinks and their variability inferred from atmospheric O2 and δ^{13}C, Science, 287 , 2467–2470, 2000.

Bopp, L., P. Monfray, O. Aumont, J. Dufresne, H. Le Treut, G. Madec, L. Terray, and J. Orr, Potential impact of climate change on marine export production., Glob. Biogeochem. Cyc., 15 , 81–99, 2001.

Cox, P., R. Betts, C. Jones, S. Spall, and I. Totterdell, Accel-

CLIMATE CHANGE FEEDBACKS ON CARBON CYCLE 5

eration of global warming due to carbon-cycle feedbacks in a coupled climate model, Nature, 408 , 184–187, 2000.

Cramer, W., A. Bondeau, F. Woodward, I. Prentice, R. Betts, V. Brovkin, P. Cox, V. Fisher, J. Foley, A. Friend, C. Kucharik, M. Lomas, N. Ramankutty, S. Sitch, B. Smith, A. White, and C. Young-Molling, Global response of terrestrial ecosystem structure and function to CO2 and climate change: results from six dynamic global vegetation models, Glob. Change Biol., 7 , 357–373, 2001.

DeLucia, E. H., J. G. Hamilton, S. L. Naidu, R. B. Thomas, J. A. Andrews, A. Finzi, M. Lavine, R. Matamala, J. E. Mohan, G. R. Hendrey, and W. H. Schlesinger, Net primary production of a forest ecosystem with experimental CO2 enrichment, Science, 284 , 1177–1179, 1999.

Etheridge, D., L. Steele, R. Langenfelds, R. Francey, J.- M. Barnola, and V. Morgan, Natural and anthropogenic changes in atmospheric CO2 over the last 1000 years from air in antarctic ice and firn, J. Geophys. Res., 101 , 4115– 28, 1996.

Friedlingstein, P., I. Fung, E. Holland, J. John, G. Brasseur, D. Erickson, and D. Schimel, On the contribution of CO2 fertilization to the missing biospheric sink, Glob. Biogeochem. Cyc., 9 , 541 – 556, 1995.

Friedlingstein, P., L. Bopp, P. Ciais, J.-L. Dufresne, L. Fairhead, H. Le Treut, P. Monfray, and J. Orr, Positive feedback between future climate change and the carbon cycle, Geophys. Res. Lett., 28 , 1543–1546, 2001.

Jones, P., Hemispheric surface air temperature variations:

a reanalysis and an update to 1993, J. Climate, 7 , 1794 –1802, 1994.

Joos, F., G. Plattner, T. F. Stocker, O. Marchal, and A. Schmittner, Global warming and marine carbon cycle feedbacks on future atmospheric CO2, Science, 284 , 464–467, 1999.

Keeling, R., S. Piper, and M. Heimann, Global and hemispheric CO2 sinks deduced from changes in atmospheric O2 concentration, Nature, 381 , 218–21, 1996.

Khodri, M., Y. Leclainche, R. G., P. Braconnot, O. Marti, and E. Cortijo, Simulating the amplification of orbital forcing by ocean feedbacks in the last glaciation, Nature, 410 , 570–574, 2001.

Nakicenovic, N., J. Alcamo, G. Davis, B. de Vries, J. Fenhann, S. Gaffin, K. Gregory, A. Grübler, T. Y. Jung, T. Kram, E. L. L. Rovere, L. Michaelis, S. Mori, T. Morita, W. Pepper, H. Pitcher, L. Price, K. Riahi, A. Roehrl, H.-H. Rogner, A. Sankovski, M. Schlesinger, P. Shukla, S. Smith, R. Swart, S. van Rooijen, N. Victor, and Z. Dadi, IPCC Special Report on Emissions Scenarios, Cambridge University Press, New York, U.S.A, 2000.

Oeschger, H., U. Siegenthaler, U. Schotterer, and A. Gugelmann, A box diffusion model to study the carbon dioxide exchange in nature., Tellus, 27 , 168–92, 1975.

Sarmiento, J., T. Hugues, R. Stouffer, and S. Manabe, Simulated response of the ocean carbon cycle to anthropogenic climate warming, Nature, 393 , 245–249, 1998.

Schimel, D., I. Enting, M. Heimann, T. Wigley, D. Raynaud, D. Alves, and U. Siegenthaler, CO2 and the carbon cycle, in Climate Change 1994, Radiative Forcing of Climate Change and Evaluation of the IPCC IS92 Emission Scenarios, edited by J. Houghton, L. M. Filho, J. Bruce, B. Callander, E. Haites, N. Harris, and K. Maskell, chap. 1, pp. 35–71, Cambridge Univ. Press, 1995. J.-L. Dufresne, L. Fairhead and H. Le Treut, LMD/IPSL, Université Paris 6, boite 99, F-75252 Paris cedex 05, France. (e-mail: dufresne@lmd.jussieu.fr ; fairhead@lmd.jussieu.fr ; letreut@lmd.jussieu.fr) M. Berthelot, L. Bopp, P. Ciais, P. Friedlingstein and P. Monfray, LSCE/IPSL, Bat. 709, CE L’Orme des Merisiers, F-91191 Gif sur Yvette, France. (e-mail: mberthe@lsce.saclay.cea.fr ; bopp@lsce.saclay.cea.fr; ciais@lsce.saclay.cea.fr; pierre@lsce.saclay.cea.fr ; monfray@lsce.saclay.cea.fr)

Received July 13, 2001; revised September 13, 2001; accepted October 2, 2001.