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Received { Accepted { Communicated byAbstract. Althoug about one-half of released carbonhas been sequestered by the ocean and the land bio-sphere, stabilization of atmospheric CO2 levels, and thusa limitation of greenhouse gas warming, requires thatcarbon emissions are reduced well below 1990 levels. Forif adverse climate changes do indeed materialise, trendsmay be persistent and even become aggravated.
Radiative forcing of greenhouse gases and aerosolsThe continuously rising concentrations of infrared ab-sorbing (greenhouse) gases such as carbon dioxide, me-thane, nitrous oxide, halocarbons and tropospheric ozoneact to warm the Earth's surface. This warming is par-tially o�set by the man-made increase in atmosphericaerosol loading (�g. 1). Among the absorbing gases,CO2 contributes about 60 % to the increase in radia-tive forcing since pre-industrial time. CO2 is expectedalso to be in future the most important anthropogenicgreenhouse gas. The carbon cycle is therefore in the fo-cus of the following text. I will �rst address the presentunderstanding of the anthropogenic CO2 perturbationand then discuss scenarios leading to stabilization of theatmospheric CO2 concentration. For further informa-tion and references see the overviews by Houghton et al.(1994, 1996); Siegenthaler and Sarmiento (1993) and thedata compendium by Boden et al. (1994).1896: Arrhenius postulated global climate changeThe basic greenhouse theory had been introduced in thebeginning of the 18th century by the French mathemati-Correspondence to: F. Joos
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Figure 1. Estimates of the globally averaged radiative forc-ing due to changes in greenhouse gases and aerosols from pre-industrial time to present day and changes in solar variabilityfrom 1850 to present. The radiative forcing of a radiative agentis de�ned by the additional downward ux into the lower atmo-sphere mediated by an instantaneous increase of its concentration.The height of the bar indicates a mid-range estimate of the forcingwhile the lines show the possible range of values. An indication ofrelative con�dence in the estimates is given below each bar. Thenegative values for aerosols should not necessarily be regarded asan o�set against the greenhouse gas forcing as aerosols are dis-tributed unevenly over the globe. Houghton et al. (1994)
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Figure 2. Atmospheric CO2 has increased rapidly from its pre-industrial level of around 280 ppm to almost 360 ppm today.The data points are measurements on air bubbles entrapped inAntarctic ice cores as analyzed by groups in Australia, France,and Switzerland. Each dot of the most recent part of the recordcorresponds to the annual mean of direct atmospheric measure-ments taken at Mauna Loa, Hawai, since 1958. The ice core dataoverlap nicely with the atmospheric record. It is interesting tonote that before the onset of industrialization the atmosphericconcentration uctuated only within a narrow range of a few per-cent.cian J.-B. J. Fourier, who suggested that certain gasescould absorb long-wave radiation emitted from the sur-face and the lower atmosphere. The absorbed energyis re-emitted thereby increasing the incoming radiationat the Earth's surface. Without the natural occurringgreenhouse gases, - the most important is H2O - , ourenvironment would be uncomfortably cold. By the late1850s, the British physicist J. Tyndall had analyzed theradiative properties of atmospheric gases and demon-strated that carbon dioxide is among those that stronglyabsorb infrared radiation.In 1896, the Nobel Prize-winning Swedish chemist Svant�eArrhenius proposed that carbon dioxide emitted into theatmosphere by burning of fossil fuels such as coal, oil andnatural gas was causing a change in the transparency ofthe atmosphere that might result in a warming outsideprevious human experience (Arrhenius, 1896).Measurements demonstrate 30% increase in at-mospheric CO2Arrhenius' idea lapsed into obscurity, in part becausescientist doubted that carbon emitted by fossil fuel burn-ing accumulates in the atmosphere. Today, we knowthat it does. Atmospheric CO2 has risen from its pre-industrial level of around 280 ppm to 355 ppm in 1990.This increase has been demonstrated by C. D. Keel-

ing's (Scripps Institution of Oceanography) measure-ments of atmospheric carbon dioxide starting in 1958 atMauna Loa, Hawai and by the �rst CO2 measurementson air bubbles entrapped in Antarctic ice analyzed in theearly 1980s at the Climate and Environmental Physicsin Bern. This data set forms perhaps the most impor-tant geophysical data record of the century. Meanwhile,the CO2 increase has been con�rmed by other labora-tories analyzing several di�erent ice cores; the atmo-spheric concentration is monitored at more than 40 sta-tions around the globe. Fig. 2 shows that atmosphericCO2 has been constant within the small range of 3%during the last millennium, before its rapid rise startingat the beginning of the industrial revolution.The increase is without precedence in the last severalhundred thousand years. Ice core measurements demon-strate that CO2 levels have not exceeded values above300 ppm during the last glacial interglacial cycles.
Human inuence on global climateWhich are the consequences of the increased levels ofCO2 and other radiative agents? It is estimated thatthe mean global surface temperature has warmed by afew tenths of a degree due to the anthropogenic changein radiative forcing of around 1.5 Wm�2. Proxi indica-tors such as tree ring width and the instrumental recordindeed indicate that the 20th century is unusually warm.The mean global surface temperature has increased by0.3 to 0.6 degree C since the late 19th century. In agree-ment with the expected anthropogenic signal, one ob-serves a cooling in the stratosphere, an asymmetrie inthe warming between the North and the Southern Hemi-sphere, a reduced daily temperature range over land,a retreat of Northern Hemisphere glaciers and sea icecoverage. Statistically convincing evidence for a hu-man inuence on climate comes from studies which com-pare modeled changes with observed geographical, sea-sonal and vertical patterns of atmospheric temperaturechange.There remain some uncertainties in the detection of theanthropogenic climate signal. The actual climate of theEarth is given by the combined natural and anthro-pogenic signal. Natural variability results from bothinternal uctuations such as circulation changes and ex-ternal causes such as volcanic eruptions. The anthro-pogenic component of the climate system lags the actualforcing as it takes centuries to millenia to heat up theocean. Nevertheless, the balance of evidence suggests adiscernible human inuence on global climate.
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Figure 3. A comparison between the annual atmospheric growthrate in CO2 and the anthropogenic emissions reveals that an-thropogenic emissions where factor 2-3 larger than the increasein atmospheric carbon storage. The atmospheric growth rate isdeduced from ice core and direct observations as shown in Fig. 2.Fossil emissions are compiled based on trade statistics by Marlandand colleagues at the U.S. Department of Energy. The di�erencebetween fossil emissions and total anthropogenic emissions corre-sponds to the estimated carbon release due to land use changesand deforestation. For the period 1860-1989, the atmospheric in-crease of 138 Gt-C is about 2.5 times less than the cumulativeanthropogenic emissions of 325 Gt-C. Thus, ocean and land biotaacted as a sink for anthropogenic carbon.CO2 increase is man-madeIn less than two centuries, burning of fossil fuels hasadded 220 Gt-C (1 gigaton of carbon = 1012 kg C) tothe atmosphere. This is only a small fraction of thetotal carbon in fossil fuel reserves, of which 1700 Gt-Cis estimated to be recoverable with current technology.Another 110 Gt-C are estimated to have been releasedduring land use changes and by deforestation. Fig. 3shows that the atmospheric CO2 increase is since 1900for each decade lower than both the fossil emissions andthe estimated total anthropogenic emissions. Besidesthe constancy in pre-industrial CO2 levels and the largeindustrial emissions, more evidences demonstrate thatthe CO2 increase is man-made. (1) CO2 concentrationsare larger in the Northern Hemisphere where 95% ofthe fossil carbon is released and the North-South di�er-ence has grown in parallel with emissions; (2) carbonof fossil origin has low concentrations of the carbon iso-tope 13C and is free of 14C which has vanished by itsradioactive decay during the long storage. The atmo-spheric concentration of both isotopes has decreased inparallel to fossil emissions; (3) The observed decreasein atmospheric oxygen of a few ppm per year can bequantitatively linked with the anthropogenic CO2 per-turbation.

Figure 4. The distribution of anthropogenic carbon in the At-lantic (1990) as simulated by a dynamical 2-dimensional oceanmodel. The higher column inventories in the Southern Ocean andin the North Atlantic, - due the formation of sinking water andto more intense vertical overturning - , are in agreement with thehigh concentrations found for radioactive and transient tracerssuch as radiocarbon and CFCs in these regions. Note that theupper 1000 meters are expanded.The key role of the oceanOf the 330 Gt-C of anthropogenic emissions only about43% are still found in the atmosphere; the rest has beentaken up by the ocean and the land biota.The ocean plays an unusually important role in the fateof emitted carbon dioxide. CO2 reacts with water toform bicarbonate and carbonate ions. Due to this ad-ditional chemical components 65 times more carbon isfound in the ocean than in the atmosphere. Withoutfurther understanding of the carbon chemistry and theslow ocean mixing, it may seem reasonable to assumethat all the carbon added to the atmosphere would endup in the ocean in a short time.In 1957, R. Revelle and H. Suess at the Scripps Institu-tion of Oceanography, La Jolla, USA, published a paperthat made major contributions to our understanding ofthe carbon cycle. They estimated carbon uptake by theocean using a model to describe air-sea exchange, thecarbon chemistry and ocean transport. They calculatedthat the chemical capacity of seawater to take up an-thropogenic carbon is substantially less than might beexpected by assuming that it would redistribute itselfaccording to the present atmosphere and ocean inven-tories. Their chemical equilibration model that includesthis 'Revelle e�ect' show that between 15 and 20% ofthe carbon dioxide added to the atmosphere will remainthere permanently.A big advancement was their use of radiocarbon mea-
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Fossil CFigure 5. A simpli�ed representation of the global carbon cycleand its perturbation by man. Arrows indicate net uxes and ex-change uxes between di�erent reservoirs in GtC yr�1; numbersin boxes indicate inventories in Gt-C and their change in GtCyr�1. Anthropogenic emissions by fossil fuel burning and landuse changes amount to 7.1 GtC yr�1 during the last decade. Onaverage, the ocean sequestered around 2 GtC yr�1 and the landbiosphere (including soils) about 1.8 GtC yr�1during the 1980-89period. The net uxes between the di�erent reservoirs are muchsmaller than the exchange uxes, e.g. primary production andplant plus soil respiration.surements to demonstrate that ocean mixing is slowcompared to the rate people release carbon. By cosmicrays, naturally produced radiocarbon enters the oceanby gas exchange and is mixed towards the abyss whereits concentration decreases by the continuous radioac-tive decay. This 'radioactive clock' provides a measureof the surface-to-deep exchange rates and allowed Rev-elle and Suess to validate the transport in their oceanmodel.The carbon budget for the last decadeFig. 5 shows the budget of anthropogenic CO2 for thelast decade. In the 1980-89 period, 7.1 GtC yr�1 wereadded to the atmosphere by anthropogenic activities,namely by fossil fuel burning, and deforestation andland use changes. The carbon emission due to fossilfuel burning is known within 10% based on trade statis-tics, however, carbon emissions by land use changes arebadly quanti�ed (�60%). The average atmospheric in-crease of 3.3 GtC yr�1 is well known from observations.About 2 GtC yr�1 have been taken up by the ocean (�g.4) and another 0.5 GtC yr�1 has been absorbed by re-growing forests in the Northern Hemisphere as revealedby forest inventories. This yields an imbalance in thebudget of 1.4�1:5 GtC yr�1.In the past, this imbalance has been often referred as

'missing sink'. Meanwhile, analyses of the trends anddistributions in atmospheric oxygen and the carbon iso-tope 13C have lead to the conclusion that the carbonemission by land use changes and deforestation are o�-set by additional carbon sinks in the land biota (see Box:'Constraints on the carbon budget'). The existence andmagnitude of the budget imbalance and the requiredsink ux into the land biosphere are directly related tothe estimated magnitude of this land use ux which re-mains uncertain. An indirect evidence for an enhancedbiota activity is that the seasonal atmospheric CO2 vari-ations have increased signi�cantly at many stations.The mechanisms driving the additional terrestrial sinkux are not well quanti�ed and a topic of intense re-search. Enhanced terrestrial carbon storage may havebeen stimulated by climatic variations. Probably im-portant is a potential stimulus of primary productiondue to the elevated atmospheric CO2 levels (CO2 fertil-ization) and anthropogenically enhanced nitrogen inputinto the world's ecosystems.Feedback processesThe natural carbon cycle, namely the interplay betweenair-sea gas exchange, ocean circulation and surface-to-deep export of particles formed by marine organisms,has set the pre-industrial CO2 concentration. The nat-ural carbon cycle has operated in an approximately con-stant mode during the historical period. In the future,its mode of operation may change.The coupled atmosphere ocean general circulation modelof the General Fluid Dynamics Laboratory (GFDL) inPrinceton, USA, predicts for an increase in atmosphericCO2, a global warming, changes in the hydrological cy-cle and a consequent decrease in the oceanic transportrates. This yields a large reduction in oceanic CO2 up-take, - hence more CO2 in the atmosphere -, as com-pared to a model run with present circulation patterns.The magnitude of such a reduction depends how the ma-rine biota will adapt to circulation changes. The impor-tance of this feedback remains still under debate and thecirculation of the GFDL model may react too sensitive.However, it illustrates that future climate change maya�ect the operational mode of the atmosphere-oceansystem and the carbon cycle.Other important processes which will a�ect the futurerelationship between anthropogenic carbon emissions andatmospheric CO2 are related to the land biota. Themagnitude of future land use and forest managementpractice, the capacity of the biota to adapt to globalwarming and the magnitude of plant fertilization in-duced by elevated CO2 levels and nitrogen input still
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Figure 6. Atmospheric CO2 concentration as calculated with the'Bern' carbon cycle model for the central 'Business-as-Usual' sce-nario, IS92a, of the Intergovernmental Panel on Climate Change(IPCC). The scenario depends on assumption about populationgrowth, economic growth, and various other factors. Accordingto this scenario, carbon emissions increase from a present levelof about 7 GtC yr�1 to about 20 GtC yr�1 at the end of thenext century. The concentration pro�le to limit atmospheric CO2at 450 ppm was also developed by IPCC to illustrate emissionsand climate change consequences. These are are shown in �g. 7and �g. 8. Despite CO2 other radiative forcing agents such asmethane, nitrous oxide, halocarbons and aerosols are important.The dashed lines give the total radiative forcing of all relevantanthropogenic greenhouse gases and aerosols. For comparison,the total forcing has been expressed in units of CO2(equivalent) .The relationship between CO2 concentration and radiative forc-ing [forcing(W m�2) =6.3 ln(CO2 / 280 ppm)] allows one to con-vert the radiative forcing of other greenhouse gases and aerososlsinto units of CO2(equivalent). The radivative forcing of non-CO2greenhouse gases happens to be roughly o�set by the negativeforcing due to aerosols. Uncertainties surrounding future emis-sions of aerosol precursor gases and related radiative forcing arelarge.remain to some degree unresolved.Ice core measurements show that atmospheric CO2 hasvaried due to oceanic processes within the range of 180to 280 ppm between glacial-interglacial cycles. Thischanges took place on a time scale of several thousandyears. Such Paleo observations o�er a window to testour understanding of the climate-carbon cycle system.�Business-as-Usual' scenariosThe atmospheric concentration of CO2 will further risein the near future as people continue to add carbonto the climate system. The magnitude of future emis-sions is di�cult to predict and depends on various socio-economic factors. So called 'Business-as-Usual' scenar-ios prepared by the Intergovernmental Panel on Cli-mate Change span the range of possible developments
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Journal: Europhysics NewsMS No.:First author: Joos 6mean temperature, some regions may still experience acooling trend. Due to natural variability, we will also infuture observe relatively cool years but with a decreas-ing probability.1992: United Nations commitment to stabilizethe climate systemThe United Nations negotiated at the Rio Earth Sum-mit in 1992 as an ultimate aim:... to achieve stabilisation of greenhouse gas concentra-tions ... at a level that would prevent dangerous interfer-ence with the climate system ... within a time frame suf-�cient to allow ecosystems to adapt naturally to climatechange, to ensure that food production is not threatenedand to enable economic development to proceed in a sus-tainable manner.How do we need to change carbon emissions to meetthis goal? For illustration, �g. 6 shows a possible path-ways to stabilize the CO2 concentration at 450 ppm.The pathway to stabilization is to some degree arbi-trary. However, the cumulative allowed emissions fora certain concentration target is �xed as CO2, unlikeother gases, is not destroyed but redistributed withinthe climate system.The emission consequences can be calculate using a car-bon cycle model which allows one to calculate the car-bon uptake by the land biota and the ocean. The modelused here includes formulations for air-sea exchange,carbonate chemistry, surface-to-deep ocean mixing anda parameterization for CO2 fertilization of the land bio-sphere. Fig. 8 shows that the anthropogenic emissionshave to drop substantially compared to the 'Business-as-Usual' scenario of �g. 6 and eventually need to bephased out to meet the target of a stable atmosphericCO2 concentration. For the next decades, carbon up-take by the di�erent reservoirs are roughly of equal im-portance. In the long run, most of the emitted carbonwill eventually end in the ocean.Fig. 7 shows the temperature consequences for stabi-lization of CO2 at 450 ppm. Here, emissions of othergreenhouse gases and of aerosols have been assumedto remain constant on 1990 levels. The global meantemperature signal is expected to further growth in thenext decades and will do so for many years even afterthe concentrations of radiative forcing agents have al-ready been stabilized. Finally, it approaches accordingto this scenario a value of almost 2 degrees Celsius. Ifthe global mean surface temperature signal should notchange by more than half the glacial-interglacial tem-perature change, then, atmospheric CO2 must probablybe stabilized at levels below 500 ppm. Economic cost-bene�t calculations suggest that measures to mitigate
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Figure 9. Di�erent carbon reservoirs have di�erent isotopic com-positions which are usually expressed in units of per mil �13C,i.e.the normalized 13C/12C ratio. The decrease in atmospheric �13Cis due to the addition of isotopically light fossil fuel and plant car-bon to the atmosphere. The isotopic budget for the atmospherecombined with the estimated source strength of fossil 13C providesan additional constraint on the magnitude of the carbon uptakeby the ocean and the biota. Filled circles and open squares repre-sent measurements taken by Friedli, Leuenberger and colleaguesat Climate and Environmental Physics in Bern, Switzerland, at airbubbles entrapped in Antarctic ice cores. The direct atmosphericsamples from Cape Grim, Australia, (stars) have been analyzedby Roger Francey's group at CSIRO (most recent, unreleased icecore measurements �ll the data gap between 1950 and 1980).Box1: Constraints on the carbon budgetWhy remains the budget of anthropogenic CO2 still un-certain? The di�culties arise both from the spatial andtemporal scales involved. The dimensions of our planetas well as daily, seasonal, and inter-annual uctuationsmake it very di�cult to measure directly the carbon up-take by the land biota and by the ocean. The net uxesbetween the atmosphere ocean and biosphere are onlya few percent of the total exchange uxes, e.g. primaryproduction and respiration. The estimated enhancedcarbon storage in the land biota (1850-1990: 100 Gt-C)is small compared to the total standing stocks in theliving vegetation and in soils (2200 Gt-C). Similarly, es-timated ocean uptake of 120 Gt-C (1800-1990) is onlya minor fraction of the total ocean carbon inventory of40'000 Gt-C.Fortunately, there exist a variety of other constraints onthe budget of anthropogenic carbon.(1) Oxygen is in many aspects complementary to car-bon. During respiration of plant material and duringfossil fuel burning approximately one mol oxygen is con-sumed for the production of one mol CO2. Thus, oxy-gen decreases in parallel to the increase in atmosphericCO2. However, unlike carbon the ocean mitigates onlya minor amount of the atmospheric trends as only onepercent of the combined atmosphere-ocean inventory is

in the ocean. Based on most recent measurements R.Keeling and colleagues estimated net carbon uxes intothe ocean of 1.9 �0:5 GtC yr�1and into the biota of 1.8�0:7 GtC yr�1 during 1989 to 1994.(2) The atmospheric as well as the oceanic distributionof the isotope 13C (Fig. 9) provides a further constraint.Fossil and plant material is tagged by a lower 13C/12Cisotope ratio than atmospheric and oceanic carbon. Thisallowed Heimann and Maier-Reimer to estimate a meanocean uptake of 2.2 �0:8 GtC yr�1 for the period 1970to 1990.(3) Revelle's and Suess' classical method to determinethe carbon uptake by an ocean model has remained oneof the quantitatively most reliable method. The threekey processes that need to be taken into account are theair-sea gas exchange rate, the carbonate seawater chem-istry and the surface-to-deep transport. Ocean trans-port remains the crucial and rate limiting step. Thepresent hierarchies of ocean models includes spatiallyaggregated box models which describe the ocean mix-ing in a parameterized way, and 2-dimensional and 3-dimensional ocean models, which resolve the topographyand derive the circulation from �rst order physical prin-ciples (equation of motion and state). Meanwhile thedistribution of a variety of radioactive or transient trac-ers such as CFCs, bomb-produced radiocarbon, Argon-39 has been mapped and allows one to check the trans-port rates of ocean models vigorously.(4) The net uptake by the ocean is driven by a tinydi�erence in the global atmosphere and surface oceanpartial pressure. A net transfer of 2 GtC yr�1into theocean corresponds to a partial pressure di�erence of onlyabout 8 ppm which is one order of magnitude smallerthan natural variability. Despite this di�culties, presentsets of pCO2 observations con�rm the model estimates.(5) The natural oceanic distribution of carbon is regu-lated by the interplay of gas exchange, solubility, oceancirculation, and the continuous surface-to-deep exportof organic matter and calcite mediated by the biologi-cal activity in the surface ocean. Sophisticated methodsare used to subtract the contributions of this processesusing observed distributions of total inorganic carbonand nutrients like phosphate to obtain an estimate ofthe standing stock of 'anthropogenic' carbon. Again,the results con�rm the ocean model estimates.(6)The atmospheric distribution of carbon and carbonisotopes can be linked to regional sources and sinks byusing atmospheric transport models. Though presentresults are still controversial this method o�ers a largepotential for the future to resolve sources and sinks asthe network of CO2 stations is increasing.
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