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1. CO2 in the climate system

Ice core data show a strong correlation between atmospheric CO2 and global temperature over the glacial cycles, indicating that the climate system is tightly coupled to the carbon cycle. During the four last glacial cycles, over the past 420,000 years, atmospheric CO2 had excursions from ~200 ppmv during cold glacial periods, up to ~280 ppmv during warm interglacial periods (Petit et al., 1999) (Figure 1a). Other trace gases such as methane also show a strong temporal coupling with temperature over glacial cycles (Petit et al., 1999). Over the more recent history, atmospheric CO2 has been recorded to increase from roughly 280 ppmv at the dawn of the industrial revolution, up the 360 ppmv today (Figure 1b) (Etheridge et al., 1996). This sharp increase is due to a) the burning of fossil fuel for energy production (Andres et al., 1996) and b) the intense deforestation, essentially in the tropics, needed to meet the increasing food and fibre demand (Houghton, 1995). Many forests have been cut or degraded, and today, a large fraction of the terrestrial ecosystems is directly influenced by human activities. Land use over the past 200 years has caused terrestrial ecosystems to release carbon (mainly to the atmosphere).

Figure 1.

 Within the same time, the global mean surface temperature has been increasing by about 0.7 (C, 1997 and 1998 successively breaking the records of warmest years (Karl et al., 2000). Whether this global warming is due to the increase of atmospheric CO2 is still a hot debate, although, quoting the Intergovernmental Panel on Climate Change (IPCC) climate change 1995 report, “The body of statistical evidence, when examined in the context of our physical understanding of the climate system, now points towards a discernible human influence on global climate” (Santer et al., 1996a). The most advanced coupled atmosphere-ocean general circulation models (AOGCM) are used to simulate the historical evolution of the climate and its link to human activity (Santer et al., 1996b; Bengtsson et al., 1999) but also the future climate change that would occur if the rate of release of greenhouse gases, such as carbon dioxide, methane, nitrous oxide, etc still increase in the future (e.g. Kattenberg et al., 1996) (Figure 2). Although large uncertainty remains in these climate predictions, several patterns are robust (IPCC, 1996). For a given greenhouse gases emission scenario (e.g. IPCC IS92 scenarios), models predict a global warming ranging from 1(C to 3.5(C by the end of the 21st century. Warming on lands is generally larger than on the oceans, the largest being in high northern latitudes. All models produce an increase in global mean precipitation, although the spatial pattern, especially in the tropics, changes from model to model. As a result from changes in precipitation and evaporation, soil moisture, which is a crucial quantity for vegetation activity, will also experience changes. In general, models predict increased soil moisture in high northern latitude in winter, but drier soil in summer. As for precipitation, soil water changes in the tropics are still model dependent. Regarding the ocean, models show a decrease in the strength of the meridional circulation, due to reduced equator-to-pole temperature gradient combined with precipitation induced decreased salinity in high latitudes.

Figure 2.

These changes of surface temperature, soil water content, salinity and ocean circulation are of importance as they control the major processes driving the land and ocean exchange of CO2 with the atmosphere.

2. CO2 in the Carbon Cycle

Atmospheric CO2 concentration is regulated by natural processes that exchange carbon between the atmosphere, the ocean and the land biota (Figure 3). Understanding of the carbon cycle is therefore necessary to predict future CO2 levels and the consequent climate change. In the following, I will present first the "natural" carbon cycle as it stood during pre-industrial times, and then analyse the "perturbed" carbon cycle, as it is presently driven out of equilibrium by sustained human induced CO2 emissions. This will help us to apprehend the future of the carbon cycle and its feedback with the climate system.

Figure 3.

2.1. The pre-industrial carbon cycle

The ocean is by far the largest carbon pool with ~40000 GtC (to be compared with 750GtC stored in the atmosphere and ~2200 GtC on lands). CO2 is exchanged with the atmosphere because of air-sea CO2 partial pressure difference. As atmospheric CO2 concentration is quite homogeneous, air-sea exchanges are primarily function of surface water CO2 partial pressure (pCO2) and gas exchange velocity. CO2 in surface water is controlled by temperature (CO2 solubility decreases with temperature), by oceanic circulation (through the carbonate equilibrium), but also by biological activity. The ocean is physically stratified, so that only carbon dissolved into the surface layer is exchanged with the atmosphere. The mixing between surface waters and the deep sea is much slower, requiring decades to centuries. The rate of vertical mixing is important as the deep ocean is clearly the main long term reservoir for anthropogenic CO2. Future changes of oceanic circulation are therefore extremely important for the carbon cycle and the estimate of the future CO2 airborne fraction.

On lands, plants and soils contain carbon both in living biomass (leaves, branches, stems and roots) and in soils (litter, soil organic matter). The overall size of the terrestrial biosphere is about 2200 GtC. Carbon is distributed among various pools, each associated with a residence time that ranges between a few months (leaves on deciduous trees) to few hundred years (organic matter in peat). Atmospheric CO2 is fixed through photosynthesis, which depends mainly on air temperature, water stress and atmospheric CO2. This flux, the gross primary productivity (GPP) amounts to ~120GtC/yr. A large fraction (~50%) of GPP is respired back to the atmosphere by the living plants through autothrophic respiration. The remaining fraction carbon, known as net primary productivity (NPP) is stored by the plants as tissues in the different compartments (leaf, stems, roots,...). The turnover time of carbon in these tissues vary from a few months (leaves of annual plants and deciduous trees) to several decades (stems of boreal coniferous trees). Dead biomass accumulates as litter and soil organic matter, these pools being respired by decomposer organisms. The amount of carbon stored above and below ground is function of the ecosystem type (e.g. grassland vs. forest) but also function of climate. Indeed tropical regions, where warm and wet conditions prevail, show high rate of organic matter decomposition, as opposed to boreal regions where decomposer activity is strongly inhibited during the winter period. As a result, high latitude ecosystem, such as tundras have the largest below-ground carbon stock although the annual accumulation (through NPP) is much lower than in the tropics.

As for the ocean, this concept of residence time of carbon in the system is of importance as it will directly translate into potential storage of anthropogenic carbon. An ecosystem with a very fast carbon turnover time is unlikely to be an important carbon sink, as the in and out fluxes will always be close to equilibrium. Therefore, any climate induced change in carbon turnover time (e.g. increased organic matter decomposition rate due to higher soil temperature) will impact on the terrestrial carbon cycle and on atmospheric CO2.

2.2. The industrial carbon cycle. 

Since human started burning fossil fuel and harvest forests, atmospheric CO2 has steadily increased. However, is has been shown that the cumulated emissions since the pre-industrial time (~1850) is about twice as large as the measured increased of CO2 in the atmosphere (e.g. IPCC, 1996). That is to say, there is a negative feedback occurring in the Earth System: the increase of  atmospheric CO2 enhances the net CO2 flux from the atmosphere to the land and/or to the ocean, and therefore limits the rate of atmospheric increase. The mechanisms responsible for the uptake of excess CO2, the partitioning between land and ocean uptake, and more important, the regional distribution of this carbon sink are still poorly understood (Fan et al., 1998, Bousquet et al., 1999). Table 1 and Figure 3 give the best estimate of the different compounds of the present-day carbon budget (IPCC, 1996). 

Table 1.

The atmospheric storage is very accurately measured worldwide at more than 50 different sites (Conway et al. 1994). Fossil emissions of CO2 are derived from fossil fuel production statistics for each country with accuracy on the order of 10% in industrialised countries (Andres et al., 1996). The ocean storage is estimated by different independent ways: a) global carbon cycle models (Orr 1999), b) extrapolation of air-sea pCO2 measurements (Takahashi et al., 1997), c) extrapolation of ocean carbon inventory (Gruber et al., 1996), or d) atmospheric measurements of several tracers (CO2, O2/N2) (Keeling et al. 1996, Battle et al., 2000). The land net storage is deduced as the difference between fossil fuel source and the sum of atmosphere and ocean storage. As shown in Table 1, this term is close to zero, i.e., the biosphere is almost neutral (at least for the 1980’s). However this “neutral” biosphere actually hides two opposite terms: the deforestation induced CO2 flux, that amounts 1.6 ±1. GtC/yr, and the land uptake that can only be derived by difference. This term is difficult, if not impossible, to measure directly, the terrestrial biosphere being extremely heterogeneous, the net CO2 fluxes are variable in space and time. Direct measurements, using eddy-correlation techniques, allow to quantify net ecosystem CO2 fluxes over a small area (1-5 km) (e.g. Goulden et al., 1996, Baldocchi et al., 1996), however the extrapolation to large continental areas is not realistic yet. The land uptake of carbon can only be estimated using (1) global models of the terrestrial biogeochemical carbon cycle, and (2) indirect inferences from atmospheric tracers such as CO2, O2/N2 and CO2 isotopes. Several factors are expected to control carbon storage by land ecosystems : the CO2 fertilisation effect on photosynthesis, the nitrogen deposition impact on productivity, the effects of climate change and variability on carbon fluxes, and the changes in disturbance regimes. Again, none of these processes has been directly measured at the global scale, we have to rely on small scale measurements (from leaf level to site level experiments) and on terrestrial model estimates based on “our best understanding” of these processes. Although these processes are inter-dependent and may very well combine in a non-linear way, it has been attempted to quantify their respective contribution to the global land CO2 uptake (Schimel, 1995). It is crucial to keep in mind that any attempt to model future climate system and carbon cycle will directly rely on the assumptions adopted to represent the carbon cycle and especially the land uptake component. A necessary condition for such prediction is obviously to be able to produce a realistic carbon budget for the historical period. 

3. Climate-Biogeochemistry Feedbacks 

On land, biospheric activity, which is mainly driven by the climate, exerts a strong control on the fluxes of water, energy and CO2. Hence, there are numerous feedbacks between the land biogeochemistry and the atmosphere. The same does not apply for the ocean where biological activity has little control on sea-air fluxes of water and energy. The only parallel between land and ocean applies for the CO2 fluxes, which in both case are controlled by biogeochemistry, driven by the climate. The land-atmosphere feedbacks operate at different scales, from the short-term local scale (e.g. diurnal coupling between the vegetation and the boundary layer) to the continental scale (e.g. Amazon deforestation) and the global scale (e.g. carbon cycle). A very extended review and analysis of local scale feedbacks can be found in Pielke et al, (1998) and in Raupach (1998). In the following, I will concentrate only on large scale mechanisms. Figure 4 attempts to represent the main feedbacks occurring between the land ecosystems and the atmosphere. Although they may occur simultaneously, they can be decomposed into 4 separate pathways.

Figure 4.
3.1. Physiological feedback

Increased atmospheric CO2 is known to affect plant physiology. Indeed, plants have "openings" on their leaves, called stomates, which connect the plant to the atmosphere for the exchange of water and CO2. CO2 increase will induce a stomatal closure, that is to say, stomatal conductance decreases with CO2 (e.g. Field et al., 1995). This mechanism can be explained from an "economical" view: stomatal conductance controls the plant in-flux of CO2 for photosynthesis, but also the out-flux of water from transpiration. If ambient CO2 increases, closing of the stomate will drastically reduce the water loss without affecting the CO2 gain when compared to today's CO2 condition, i.e. the plant water use efficiency increases with CO2 (Drake et al., 1997). Hence the feedback: increased CO2, through reduced stomatal conductance, induces a reduction of plant transpiration. Earlier studies quantified the climate response to a given change, typically a doubling, in stomatal resistance (Henderson-Sellers et al., 1993a, Pollard and Thompson, 1995). In 1996, Sellers et al. put a step forward and simulated a doubling of CO2 with an atmospheric GCM coupled to a land surface scheme that includes a representation of photosynthesis (Sellers et al., 1996). Doing so, they were in a position to evaluate the direct effect of atmospheric CO2 on climate via the standard radiative effect and the indirect effect of CO2 on climate through calculated changes in stomatal conductance together with the impact of climate and CO2 on plant assimilation of carbon. They showed that at 2xCO2, decreased in stomatal conductance induces a decrease of transpiration and an increase in air temperature amplifying the changes due to the standard radiative effect. In the tropics, the physiological feedback leads to a 0.4(C extra warming on the 1.7(C warming due to the radiative effect. GPP on the other hand is mainly boosted by elevated CO2 (+32%) while the warming alone only increase tropical GPP by 1%. 

3.2. Structural feedback

Shortly after Sellers, Betts et al (1997) confirmed the physiological feedback but highlighted a second mechanism that comes into the game, playing in the opposite direction than Sellers' mechanism. As CO2 increases, plant productivity is boosted, leading to larger stand biomass. Of importance is leaf biomass (generally expressed as leaf area index, LAI, the leaf surface normalised by the ground surface). LAI increase will enhance transpiration, as the exchange surface is larger. So, elevated CO2 reduces stomatal conductance, but enhances stomates amount, hence the two opposite effects on transpiration. In their study, Betts et al. found that the two effects tend to cancel out, their net effect on surface temperature being lower than what Sellers found earlier. Another potentially important structural feedback that received little attention so far is the change in roots distribution. Climate change and increase in CO2 have the potential to affect allocation to roots (van Noordwijck et al., 1998, Friedlingstein et al., 1999), which in turn impacts on climate through changes in evapotranspiration (Kleidon and Heimann, 1998, Kleidon et al., 2000). In a model experiment, Kleidon and Heimann (1998) calculate the rooting depth that is optimum for plant productivity and estimate its control on the hydrological cycle and the climate system. Dynamic roots being much larger than what is used conventionally in GCMs, the transpiration rate is larger and sensible heat flux and surface temperature are reduced. Structural changes in plant partitioning may play an important role in future climate-land interaction. 

3.3 Biogeographical feedback

Increased CO2 and climate change may affect ecosystem functioning to the limit where a given ecosystem is not competitive anymore. That means ecosystem dieback, migration, colonisation,... All of these climate induced land cover changes will feedback on the atmosphere through changes in albedo, water and energy fluxes,... Several studies showed the strong coupling between land cover distribution and climate. One of the earliest one was Charney (1975)'s study on desert which feedbacks upon itself, through high albedo, high radiative heat loss, strong descending air branches, and low relative humidity. More recent studies focussing on specific ecosystems highlighted the importance of the biogeographical feedbacks. In the boreal region, it has been showed that replacement of tundra by boreal forest, as happened in the mid-Holocene, through a reduction in surface albedo, contributed to the climate change at that time (Foley et al., 1994). In short, the boreal forest contributes to the relatively warm conditions of the boreal regions (Bonan et al., 1992, Chalita and LeTreut, 1994). Several studies also focused on tropical forests where large deforestation occurs, and is believed to affect the climate not only through release of CO2, but also directly through changes in water and energy exchanges with the atmosphere (e.g. Henderson-Sellers et al., 1993b, Polcher and Laval, 1994). The most recent study combines deforestation with increased atmospheric CO2 to quantify, using a atmospheric GCM coupled to a biogeochemical land surface model, their respective impact on the future climate of Amazonian basin (Costa and Foley, 2000). The authors found that both deforestation and elevated CO2 tend to increase surface temperature, but they have opposite effects on precipitation. Other simulations, coupling dynamic vegetation models with GCMs investigated the consistency of climate and vegetation distribution (e.g. Claussen, 1998, Foley et al., 1998) or the impact of the change from potential to actual vegetation on climate (Chase et al., 1996, Bonan, 1997, Stohlgren et al., 1998). Finally a recent study, although only conceptual, showed as an extreme sensitivity study how the climate would be different if the surface is uniformly green (evergreen forest) or covered by deserts (Kleidon et al., 2000). 

3.4. Carbon cycle feedback

Climate change and elevated CO2 affect photosynthesis, allocation, plant and soil respiration,... As a result, the net CO2 flux between the land and the atmosphere may depart from equilibrium, inducing a change in atmospheric CO2 concentration that will feedback on the climate system. As mentioned in section 2.2, the impact of elevated CO2 on photosynthesis is believed to already act in today's carbon cycle and to be partially responsible for the land uptake of CO2 (IPCC, 1996). The same applies for the ocean, elevated CO2 enhances diffusive air to sea flux. These atmospheric CO2-carbon cycle negative feedbacks have been estimated for the present or for the future by several models (e.g. Kicklighter et al., 1999, Friedlingstein, et al., 1995, Orr 1999). 

Equally important is the climate change impact on the carbon cycle. Several studies showed that future climate may tend to affect the biospheric uptake. One of the earliest study was performed by Melillo et al., (1993) where a terrestrial model was forced by both future CO2 and future climate. Since that time, many terrestrial models have been run under climate change conditions at regional scales (VEMAP members, 1995, White et al., 2000) or at the global scale (King et al., 1997, Cao and Woodward, 1998). Climate change is generally found to cause reduction in net biospheric uptake. The reason for this negative impact has to be found in the tropical regions where higher temperature and increased drought reduce plant productivity but increase heterotrophic respiration. In an extreme case, this eventually leads to a severe dieback of tropical forest which further increase carbon loss from the biosphere (Cramer et al., 2000). Temperate and high latitude regions seems, on the contrary do benefit from the climate change (Cao and Woodward, 1998, White et al., 2000).

 Separate ocean studies have similar results, climate change impact on ocean circulation and sea surface temperature will tend to reduce the global ocean carbon uptake (Maier Reimer et al., 1996, Sarmiento et al., 1996, 1998, Joos et al., 1999, Matear and Hirst, 1999).

These land and ocean mechanisms, if realistic, represent a strong positive feedback in the Earth system: elevated CO2 induces a climate change that inhibit land and ocean carbon uptakes, leaving a larger fraction of CO2 in the atmosphere, and therefore accelerating the climate change. Ongoing studies undertaken at the Institute Pierre Simon Laplace (IPSL, Paris) and at the United Kingdom Meteorological Office (U.K. Met. Office) are coupling GCMs and global carbon cycle models. Preliminary results are indeed confirming this positive feedback. 

3.5 Combining the feedbacks

The vision of four independent feedbacks, as described above is, of course, theoretical. In the real world they may occur simultaneously, or at least gradually, the system being in essence non linear, its global response will be anything but the sum of the individual responses. Mooney and Koch (1994) and Field et al., (1995) sketched the interactions between CO2, atmosphere dynamic, and ecosystem functioning. Based on their precursory works, Figure 5 attempts to combine these CO2-climate-ecosystems feedback loops. In spite of its apparent complexity, Figure 5 is still an oversimplified vision of the real system. For example, feedbacks involving non-CO2 greenhouse gases (CH4, N2O,…) or atmospheric chemical compounds (NOx, O3,…) are still absent of this picture. 

Figure 5.

4. Future Directions

Predictions of future climate, as shortly described in section 1, require a suite of calculations:

(a) the development of atmospheric CO2 emission scenarios,

(b) a conversion of CO2 emissions into atmospheric CO2 concentration, and

(c) the calculation of climate change for the given change in atmospheric CO2,

the same applying for all other greenhouse gases. Different methods can be adopted to achieve this goal. The usual approach, which has been extensively used (e.g. IPCC, 1996) is to perform the calculations of (a) emissions, (b) concentration, and (c) climate change one by one (as illustrated in Figure 2). This has the advantage of simplicity but has a severe drawback: any feedback between the biogeochemical cycles and the physical climate system, as described above, are not addressed in such approach as each calculation is done independently. Among the inconsistencies, the conversion of CO2 emissions into CO2 concentration is performed assuming the future carbon cycle operates under a present-day climate, although the ultimate goal is to estimate a climate change. Along the same lines, future CO2 emission scenarios include a deforestation term, but the GCM estimates the climate change assuming a present-day vegetation distribution. 

A more realistic approach, adopted by a few groups (IPSL and U.K. Met. Office), attempts to simulate climate and carbon cycle change simultaneously by the use of climate models coupled to land and ocean carbon cycle models. The forcing variable of these climate and carbon cycle models (CCCM) is therefore CO2 emissions, conversion from emission to concentration being calculated online by the coupled model, accounting for the changing climate and its potential impact on the carbon cycle. The CCCM approach is obviously more realistic than the standard approach, used by IPCC, however, it is much more computer time consuming, and it requires strong interactions from a large group of scientists from different fields (atmospheric physics, ocean physics, ocean biogeochemistry, plant physiology).

However, as mentioned before, the CCCM approach should only be seen as a first step toward Earth system modelling. Other important trace gases are still ignored in this approach such as CH4, NMHC, N2O, DMS, aerosols, etc. All these species have natural sources controlled by climate, and play a role in the radiative budget of the Earth. There is still a long way before integrating these compounds in a common model framework.

Understanding of the Earth system and its response to the anthropogenic perturbation is a complex problem. As showed in this paper, there are several feedbacks operating at different time and spatial scales that have to be quantified in order to get a more realistic representation of the present and future climate system. The quantification of these feedbacks, their upscaling from the leaf or stand level to the GCM grid, and integration in global models are crucial research actions for future climate predictions. 
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Figure 1. a) Time evolution of isotopic temperature, CO2 and CH4 from the Vostok ice core over the last 400 103 years (Petit et al., 1999), b) Combined ice core and atmospheric CO2 measurements showing the last deglaciation (from 20 to 10 103 years before present) and the rapid increase over the last century (http://www.pages.unibe.ch/publications/overheads.html).

Figure 2. Intergovernmental Panel on Climate Change calculations of climate implication of anthropogenic CO2 emissions (IPCC, 1996). Time series of a) IS92a scenario of CO2 emission, b) calculated atmospheric CO2 concentration for the IS92a emissions, c) calculated temperature change with respect to present-day, and d) calculated sea level change. Purple zone represents the range of estimation (http://ipcc-ddc.cru.uea.ac.uk/cru_data/examine/emissions/is92a_graphs.html).

Figure 3. Global carbon cycle. Fluxes are in GtC/yr (1012 kgC/yr), pools are in GtC. Circled numbers represent the anthropogenic perturbation fluxes (fossil fuel and deforestation CO2 emissions), the accumulation in the atmosphere, and the uptakes by the land and the ocean (adapted from IPCC, 1996).

Figure 4. Schematic view of the four main feedbacks between the terrestrial biosphere and the climate system. The green, red, pink and blue arrows describe the physiological, structural, biogeographical and carbon cycle feedbacks respectively, as described in the text.

Figure 5. Interactions between the climate system, the surface physic and the biogeochemistry (adapted from Mooney and Koch, 1994, and Field et al., 1995).

Table 1. Estimate of the global budget for the 1980’s and for the 1990’s. The fluxes are given in GtC/yr (After IPCC, 1996 and update).


1980 to 1989
1989 to 1998

(1) Fossil emissions
5.5 ± 0.5
6.3 ± 0.6

(2) Atmospheric storage
3.3 ± 0.2
3.3 ± 0.2

(3) Ocean storage 
2.0 ± 0.8
2.3 ±0.8

(4) Land net storage: (1)-[(2)+(3)]
0.2 ± 1.0
0.7 ± 1.0

(5) Deforestation source
1.6 ± 1.
1.2 ± 1.

(6) Derived land uptake= (4)-(5)
1.8 ± 1.4
1.9 ± 1.4
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