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Figure 1. Surface average atmospheric CO2 concentration, de-
seasonalised (ppm). The 1980–2014 monthly data are from
NOAA/ESRL (Dlugokencky and Tans, 2014). The 1980–2014 esti-
mate is an average of direct atmospheric CO2 measurements from
multiple stations in the marine boundary layer (Masarie and Tans,
1995). The 1958–1979 monthly data are from the Scripps Institu-
tion of Oceanography, based on an average of direct atmospheric
CO2 measurements from the Mauna Loa and South Pole stations
(Keeling et al., 1976). To take into account the difference of mean
CO2 between the NOAA/ESRL and the Scripps station networks
used here, the Scripps surface average (from two stations) was har-
monised to match the NOAA/ESRL surface average (from multiple
stations) by adding the mean difference of 0.542 ppm, calculated
here from overlapping data during 1980–2012. The mean seasonal
cycle was removed from both data sets.

EFF+ ELUC = GATM+ SOCEAN+ SLAND. (1)

GATM is usually reported in ppmyr�1, which we convert
to units of carbon mass, GtC yr�1, using 1 ppm= 2.120GtC
(Prather et al., 2012; Table 1). We also include a quantifica-
tion of EFF by country, computed with both territorial and
consumption based accounting (see Methods).
Equation (1) partly omits two kinds of processes. The first

is the net input of CO2 to the atmosphere from the chemical
oxidation of reactive carbon-containing gases from sources
other than fossil fuels (e.g. fugitive anthropogenic CH4 emis-
sions, industrial processes, and changes of biogenic emis-
sions from changes in vegetation, fires, wetlands), primar-
ily methane (CH4), carbon monoxide (CO), and volatile or-
ganic compounds such as isoprene and terpene. CO emis-
sions are currently implicit in EFF, while anthropogenic CH4
emissions are not and thus their inclusion would result in a
small increase in EFF. The second is the anthropogenic per-
turbation to carbon cycling in terrestrial freshwaters, estuar-
ies, and coastal areas, which modifies lateral fluxes from land
ecosystems to the open ocean, the evasion CO2 flux from
rivers, lakes and estuaries to the atmosphere, and the net air–
sea anthropogenic CO2 flux of coastal areas (Regnier et al.,

Figure 2. Schematic representation of the overall perturbation of
the global carbon cycle caused by anthropogenic activities, av-
eraged globally for the decade 2004–2013. The arrows represent
emission from fossil fuel burning and cement production (EFF),
emissions from deforestation and other land-use change (ELUC),
the growth of carbon in the atmosphere (GATM), and the uptake of
carbon by the “sinks” in the ocean (SOCEAN) and land (SLAND)
reservoirs. All fluxes are in units of GtC yr�1, with uncertainties re-
ported as ±1� (68% confidence that the real value lies within the
given interval) as described in the text. This figure is an update of
one prepared by the International Geosphere-Biosphere Programme
for the GCP, first presented in Le Quéré (2009).

2013). The inclusion of freshwater fluxes of anthropogenic
CO2 would affect the estimates of, and partitioning between,
SLAND and SOCEAN in Eq. (1) in complementary ways, but
it would not affect the other terms. These flows are omitted
in absence of annual information on the natural versus an-
thropogenic perturbation terms of these loops of the carbon
cycle, and they are discussed in Sect. 2.7.
The CO2 budget has been assessed by the Intergovern-

mental Panel on Climate Change (IPCC) in all assessment
reports (Ciais et al., 2013; Denman et al., 2007; Prentice
et al., 2001; Schimel et al., 1995; Watson et al., 1990), as
well as by others (e.g. Ballantyne et al., 2012). These assess-
ments included budget estimates for the decades of the 1980s
and 1990s (Denman et al., 2007) and, most recently, the pe-
riod 2002–2011 (Ciais et al., 2013). The IPCC methodol-
ogy has been adapted and used by the Global Carbon Project
(GCP, www.globalcarbonproject.org), which has coordinated
a cooperative community effort for the annual publication
of global carbon budgets up to year 2005 (Raupach et al.,
2007; including fossil emissions only), 2006 (Canadell et al.,
2007), 2007 (released online; GCP, 2007), 2008 (Le Quéré
et al., 2009), 2009 (Friedlingstein et al., 2010), year 2010

Earth Syst. Sci. Data, 7, 47–85, 2015 www.earth-syst-sci-data.net/7/47/2015/

Globale 
Kohlenstoffbilanz

• Fossile Emissionen aus Statistiken der 
Energienutzung

• Ozeansenke aus Beobachtungen
• Die globale Landsenke lässt sich nicht aus 

direkten Beobachtungen ermitteln

Le Quéré et al., 2015



Wo liegen die Unsicherheiten?

Fossile Emissionen

- War die am zweitbesten bekannte Komponente in  
der globalen Bilanz

- Unsicherheiten nehmen mit der Zeit zu

- Schlechte Kenntnis von räumlicher und zeitlicher Variabilität

Ozean

- Modelle sind sich nicht einig bezüglich regionale Grösse und Trends der 
Ozeansenke 

Landoberflächen

- Langjährige Kontroverse über dominanten Senken-Prozess und dessen 
geographischer Lage (Tropen vs boreale Zone)

- Ohne genaue Bilanzen, lassen sich die Beiträge der einzelnen Prozesse nicht 
trennen 

Klimasensitivität
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Gaps in knowledge  
at global, regional, local scale

What is the CO2 and CH4 budget of poorly observed biomes  
(Arctic, Tropics) and ocean gyres (N. Atlantic, S. Ocean) ?  
⇒ Need: Coverage of under-sampled regions 
⇒ Scale : continents, sub continents 

How do regional CO2 and CH4 fluxes respond to climate variability ? 

⇒ Need: Spatial and temporal resolution  
⇒ Scale : sub-continents, country scale 

Anthropogenic emissions hotspots magnitude and location ? 

⇒ Need: Separate emissions from surrounding natural fluxes 
⇒ Scale : local



Beispiel: CO2 Emissionsinventare von China

based on new coal carbon 
content measurements from 
Chinese mines and coal 
samples 

Liu et al., 2015

14% Unsicherheit entspricht 20% der globalen CO2 Landsenke!



Wie lassen sich regionale 
Quellen und Senken 

bestimmen?

“Top-down” - “bottom-up” 
Strategie

Das CarboEuropeIP und 
ICOS Paradigma

ICOS:  
“Integrated Carbon 

Observation System”

The mission of ICOS Research 
Infrastructure is to enable 

research to understand the greenhouse 
gas budgets and perturbations

ICOS will enable crucial prog ress in our 
understanding of the carbon cycle through 
its European network-based observatory. 
ICOS data will reduce uncertainties on the 
future evolution of the greenhouse gas ef-
fect and on the impact of climate change 
on regional GHG balances.

ICOS  long-term observations are essential 
for understanding the present state and 
predicting future behavior of the global 
carbon cycle and greenhouse gas emis-
sions. 

Mission

Science
Harmonized data from integrated atmo-
spheric, ecosystem and ocean observa-
tions form the basis for advanced green-

house gas research in Europe

      Atmospheric observatories to measure 
concentrations of CO2, CH4, NO2

     Terrestrial flux tower sites to measure 
the local exchange of CO2, water vapor and 
energy
    Oceanographic observation platforms 
and volunteer ships to monitor air-sea 
fluxes

Current State
ICOS is currently on the way of becoming 
ICOS ERIC (European Research Infra-
structure Consortium).

ERIC is a specific legal form designed to 
facilitate the joint establishment and op-
eration of research infrastructures of Euro-
pean interest. ICOS ERIC is planned to be 
established early 2014. 

Selected set of stations is already demon-
strating the operative ability of the future 
network while providing near real time 
data, available online since 2011. The dem-
onstration experiment is progressively ex-
tended to fully operative mode of the ICOS 
RI.

R&D, design studies, science        
case  2001-2008

Preparatory Project Phase
            2008 - 2013

Construction and augmentation 
of operations       2011-2016

ICOS RI operative phase 
coordinated by ICOS ERIC   2014

ICOS National Networks are designed 
around a set of European central facilities 
for data processing, calibration and instru-
ment development:

Atmospheric, Ecosystem and Ocean 
Thematic centres (ATC, ETC and OTC); 
Central Analytical Lab (CAL) and 
Carbon Portal (CP), access point for all 
users.

Atmospheric network Ecosystem network Ocean network

http://icos-infrastructure.eu/http://icos-infrastructure.eu/

Unterstützt in Deutschland durch das BMBF (auch HGF, MPG), BMVI (DWD), BMEL



Kohlenstoffbilanz Europa und Nordatlantik [TgC yr-1] 
2000 - 2004  (positive Zahlen: Fluss in die Atmosphäre)
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Quellen und Senken des 
CO2 über Land sind extrem 

heterogen - in Raum und 
Zeit

Beispiel:  
CO2-Austauschflüsse um  
12 Uhr Mittags an einem 

Sommertag

Basierend auf: 
• bottom-up Inventaren, 
• Satellitendaten der Landnutzung, 
• Vegetationsmodell + Wetterdaten
• Eddykovarianz Flussmessstationen
• Schiffsmessungen

ICOS-D



Verteilung der 1’ Pixel (~2km2) mit insgesamt 90% 
der nationalen fossilen Emissionen von Deutschland

Um die nationalen 
Emissionen besser als 
10% zu quantifizieren 

genügt es nicht, nur die 
Hotspots zu erfassen!



Die “top-down” Methode nutzt die Atmosphäre 
als natürlicher Integrator der heterogenen 

Quellen und Senken 

Mächtiges Werkzeug; verlangt 
jedoch 3 Bedingungen:

1. Dichtes Netz an 
Beobachtungen

2. Numerisches Modell des 
atmosphärischen 
Transportes

3. a priori Information zur 
Regularisierung des 
inversen Problems

Aber: Die Atmosphäre sieht nur die Summe der 
verschiedenen Quellen und Senken!



Portfolio verschiedner Datenströme für die 
atmosphärische Messung der Treibhausgase

IAGOS

ICOS

TCCON
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Passive Fernerkundung von Treibhausgasverteilungen in 
der Atmosphäre

SCIAMACHY auf ENVISAT (2002‐2012):  CO2, CH4, CO, O3, NO2, SO2 ... 
GOSAT (2010 – 2017):  CO2, CH4
OCO‐2 (2014 ‐ 2017):  CO2
Sentinel 5 Precursor (2016 – 2022):  CH4, CO, O3, NO2, SO2 … 



Hochauflösende numerische Simulation des 
CO2-Säulenmittels wie sie vom Satelliten aus 

gesehen würde (ohne Wolken!)

GEOS-5 simulation, NASA

Einige Tage im Juni, 2006



Hochauflösende numerische Simulation des 
CO2-Säulenmittels wie sie vom Satelliten aus 

gesehen würde (ohne Wolken!)

GEOS-5 simulation, NASA

Einige Tage im Juni, 2006
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Resolution too low
Accuracy too low

Sampling too sparse
Accuracy moderate

Sampling sparse
Accuracy good

Imager : Sampling dense
Accuracy good

CO2 and CH4
CO2 and CH4 CO2

OCO‐2
(2014‐2017+) OCO-2GOSAT

SCIAMACHY
(2002‐2012)

CO2

GOSATGOSAT
(2010 – 2017+)

Anforderungen an zukünftige Satellitensensoren

Notwendige Eigenschaften zukünftiger Satellitensensoren zum Treibhausgas‐Monitoring
9 Dichte räumliche Abtastung ‐ “Bilder” der CO2 und CH4 Verteilungen, 

‐ Ausreichende Anzahl an Messungen pro Region
9 Hohe räumliche Auflösung ‐ Nachweis lokaler Hotspots, Wolken‐Unempfindlichkeit
9 Hohe Genauigkeit ‐ Information stammt aus kleinen Gradienten 
9 Globale Abdeckung

European CO2
Monitoring Mission

(ESA-EU)



OCO-2 shows some promise for point source 
detection

- narrow swath (eight 
pixels), but high 
resolution

- some technical problems 
have not been critical

- early results are quite 
encouraging
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Europas Biosphäre als wichtige C‐Senke – unsicher?

Reuter et al. (manuscript submitted)

Publizierten Werte zum Kohlenstoffbudget Europas 
(Unsicherheiten: 1‐sigma):

Eine zukünftige CO2-
Mission kann 
Fehler auf 0.1-0.2 GtC/a 
reduzieren.



Bias caused by seasonal uneven coverage of 
satellite measurements - Net effect on annual 

budget: 0.3 PgC/yr
European land biosphere 
carbon balance estimated 
with CarbonTracker

Reuter et al., EGU, 2016



Bias caused by seasonal uneven coverage of 
satellite measurements - Net effect on annual 

budget: 0.3 PgC/yr
European land biosphere 
carbon balance estimated 
with CarbonTracker

Reuter et al., EGU, 2016

Winter: few 
observations, priors 
determine balance

Summer: constrained 
by observations, 
priors do not matter



Aktuelle und geplante Satellitenmissionen

Copernicus CO2 report, 2015



Detektion des fossilen 
CO2 in regionalen 

Messungen

atmosphere, via actually observed changes of respective
mixing ratios. This requires precise long-term atmospher-
ic observations (Nisbet 2005). In contrast to stratospheric
ozone depleting trace substances (banned by the Montreal
Protocol), where the overwhelming effect is directly
visible and quantifiable by world-wide decreasing or at
least stabilizing atmospheric mixing ratios of the long-
lived chlorofluorocarbons (Montzka et al. 1999; Prinn et
al. 2000; unpublished data from the Advanced Global
Atmospheric Gases Experiment (AGAGE)), the case of
carbon dioxide (as well as methane and nitrous oxide) is
not so simple: Here, the anthropogenic “disturbance” is
superimposed on relatively large and strongly variable
natural fluxes of CO2 between the atmosphere, the
terrestrial biosphere, and the oceans (Bousquet et al.
2000; Rödenbeck et al. 2003; Geels et al. 2006). In the
last decades, about half of the global CO2 emissions from
fossil fuel burning have been taken up by the continental
biosphere and the world oceans (Denman et al. 2007),
with the remaining half causing the observed increase of
approximately half a percent per year in the global
atmosphere (GLOBALVIEW 2006). It can, however, not
be warranted that this partitioning will persist into the
future.

In the Kyoto context, the changes in regional fossil fuel
emissions are relevant. These changes lead to proportional
changes in the regional excess fossil fuel CO2 component
(ΔFFCO2) in the atmosphere. ΔFFCO2 denotes the
difference between the fossil-fuel-related CO2 load in the
polluted atmosphere and that in background air. This
regional excess fossil fuel CO2 component can be specifi-
cally derived from high-precision atmospheric 14CO2 obser-
vations (Levin et al. 1989, 2003). All living biomass and
dissolved carbon in the oceans contain a certain amount of
14C, which is received from CO2 exchange with the
atmosphere. In contrast, fossil fuels have been disconnected
from this exchange since hundreds of millions of years so
that any 14C originally present in fossil fuels has decayed
(the radioactive half life of 14C is 5,370 years). Thus, over
highly populated areas with large CO2 emissions from
fossil fuel burning, such as Central Europe, we are, in
principle, able to estimate the regional fossil fuel CO2

burden from measurements of 14C in atmospheric CO2:
Comparing the 14CO2 level at a polluted site with
respective measurements in background air of the same
latitude, any depletion of the 14C/C ratio of CO2 at the
polluted site can be directly translated into a regional excess
fossil fuel CO2 mixing ratio (see below for details). As even
over highly populated regions such as Europe, this FFCO2

excess is generally rather small (only a few ppm); very
precise observations of 14CO2 are essential to apply this
method, making these data still very sparse.

Materials and methods

In Germany, precise long-term 14CO2 measurements have
been conducted for more than 20 years at two sites: (1) at
the Schauinsland station located at 1205 m a.s.l. in the
Black Forest (south-western Germany) and (2) in the
suburbs of Heidelberg in the highly populated and polluted
upper Rhine valley (Fig. 1a,b; Levin et al. 2003, 2007).
CO2 samples have been collected over 2 weeks and high-
precision 14C analysis made by conventional counting
technique (Levin et al. 1980; Kromer and Münnich 1992).

a

b

c

d

e

Fig. 1 Long-term observations of 14CO2 in south-western Germany
and respective 14C-based fossil fuel CO2 excess compared to
Jungfraujoch: a Monthly mean observed 14C/C ratio in atmospheric
CO2 at Schauinsland and b Heidelberg in comparison to the
continental reference level derived from respective observations at
Jungfraujoch. The long-term decrease at all three stations is due to still
ongoing equilibration of the atmospheric bomb 14CO2 spike with the
ocean and the biosphere and to a steadily increasing fossil fuel CO2

burden in the global atmosphere. c 14C-based monthly mean ΔFFCO2

at Schauinsland and Heidelberg calculated with Eq. 3. d Comparison
of annual mean ΔFFCO2 observed at Schauinsland and e Heidelberg
with TM3 model estimates. For comparison of the inter-annual
variability of model estimates and observations, the model results
were shifted (see legend) so that the respective long-term mean values
agreed with those of the observations. Errors in the observations are
standard mean errors

204 Naturwissenschaften (2008) 95:203–208

Komplikation:
 14C aus AKWs und nuklearen 
Wiederaufbereitungsanlagen!  
(Graven and Gruber, 2011)

Levin and Rödenbeck, 2008

Radiokohlenstoff (14C) wird erzeugt in 
der Atmosphere und zerfällt mit einer 
Halbwertszeit von ~5700 Jahren. 
Kohlenstoff aus Erdöl, Erdgas und  Kohle 
hat kein 14C!

Aber:
 14C Messungen sind teuer und 
logistisch nicht einfach. Verfahren zur 
kontinuierlichen in situ Messung oder 
durch Fernerkundung gibt es zur Zeit 
nicht.



EGU general assembly, April 18 2016, Vienna

Synergy of observing systems

multi-platform constraints

Ground-
based 
In-situ

Airborne 
In-situ

Ground-
based 
remote 
sensing

Satellite 
remote 
sensing

CO2 O2 COCH4 H2O
  

13CO2 H2COS Mixing 
Height

14C

C. Gerbig



Ziel

decade (Section 5). However, finer spatial 
resolutions (sub-hectare to 10 km) are needed 
for national-level land-use monitoring, reporting 
situations in the short term for mechanistic 
studies and verification of compliance with 
policies, and for detailed mechanistic and vali-
dation studies.

3.2.The1core1observa6onal1elements
The core elements to observe the reservoirs 
and exchange fluxes of the Integrated Global 
Carbon Observing system are:

3.2.1.Atmospheric1domain

i) Surface-based in situ stations and aircraft 
observations of high precision CO₂ and CH₄ 
concentrations across a global network of at 
least 1000 surface stations, covering all 
tropical and boreal ecosystems as well as 
vulnerable ocean regions.

ii) Complementary in-situ observation of iso-
topes of CO₂, CH₄ and N₂O, and O₂/N₂ ra-
tio to evaluate land and ocean sink ratio, 
and the locations of these sinks.

iii) Synoptic global satellite observations of 
column-integrated and vertical distribution 
of atmospheric CO₂ and CH₄. Sufficient 
accuracy will be obtained to assess fluxes 
from satellite data by making auxiliary ob-
servations of aerosols and clouds or devel-
opment of other disturbance free methods. 
Instrument calibrations will be traceable to a 
primary standard and frequently calibrated 
using ground-based observations.

3.2.2.Ocean1domain

i) A global ocean CO₂ flux measure-
ment network measuring the surface 
CO₂ partial pressure difference be-
tween atmosphere and seawater 
(pCO₂) with a coordinated combina-
tion of research vessels, ships of op-
portunity, and autonomous drifting 
buoys.

ii) Complementary pCO₂ observations 
in coastal oceans, requiring a variety 
of platforms (fixed stations, frequent 
ship transects).

iii) Dissolved carbon content of the 
ocean with global coverage, 
measured typically at 10-year in-
tervals, to estimate the input of 

anthropogenic CO₂ into surface waters.

3.2.3.Terrestrial1domain

i) In situ observations of ecosystem fluxes 
made by the eddy-covariance technique, 
with observations of CO₂, water vapor and 
heat fluxes at representative locations, in-
cluding a range of successional stages and 
land-use practices and intensities. Over 
wetlands and rice paddies, CH₄ eddy-
covariance flux observations should also be 
made. A global network of about 500 flux 
measurement stations is envisioned.

ii) Inventories of the spatial and global distri-
bution of forest and woodland biomass, 
measured in situ at a minimum of five-
yearly intervals, and annually by high-
resolution remote sensing techniques. Key 
control indices such as nitrogen content, 
and leaf area index will also be measured.

iii) Inventories of the spatial and global distri-
bution of litter and soil organic carbon con-
tent in the upper meter of soil, measured in 
situ typically at ten-year intervals, again in-
cluding nutrient content, and measures of 
decomposability.

iv) In situ and remote-sensing observations of 
the spatial distribution of permafrost, peat-
land and wetland organic carbon pools 
down to bedrock, measured typically at ten-
year intervals, but at higher frequency in 
fast changing areas. Monitoring of the 
abrupt loss from these pools, due to events 
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Figure 3. Future evolution of requirements toward finer reso-
lution and precision capabilities for producing global maps of 
CO2 and CH4 surface fluxes.

(g C m-2 y-1) 5 
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• Entwicklung eines nahtlosen operationellen 
Beobachtungssystem für Treibhausgasbilanzen

• Integration der verschiedenen Datenströme in 
ein gekoppeltes Atmosphäre-Ozean-
Landoberflächen Modellsystem - analog der 
Datenassimilation für die Wettervorhersage

UNFCCC 
Daten



Components of an operational observation 
system

- A fossil CO2 emission inventories operational production 
component 

- An observation infrastructure component including both 
satellite and in-situ ground based and aircraft data. 

- An atmospheric inversion modelling and data assimilation 
component (atmosphere, ocean, land ecosystems) 

- An integration system, building upon the Copernicus services 

- An Archive / Exchange system 

- A decision support system 

Copernicus CO2 report, 2015



Roadmap zum Aufbau eines umfassenden  
Kohlenstoff (Treibhausgas) - Informationssystem

Copernicus CO2 report, 2015



Wissenschaftliche, technische und 
organisatorische Herausforderungen

- Urbane Systeme (bottom-up/top-down Verfahren)

- Trennung der anthropogenen von den natürlichen 
Emissionen (14C, andere Indikatoren: z.B. CO, COS, O2)

- Biogeochemische Datenassimilation (“Carbon Cycle Data 
Assimilation System”, CCDAS)

- Homogenität der Messnetze

- Genauigkeit der Fernerkundungsmessung

- Langzeitstabilität des operationellen Systems  
(Organisation, Finanzen, technische Expertise)



Overall objectives of a 
global carbon information system

Information for science and policy

such as peatland fire or collapse of perma-
frost land.

v) Carbon harvested as crops and wood prod-
ucts, as well as peat and biomass har-
vested and used for energy production.

vi) Changes in the carbon content of water 
reservoirs, lakes and freshwater sediment 
pools.

3.2.4.Satellite1observa6ons

A combination of satellite observations, backed 
up by long-term continuity of measurements, 
delivering global observations of the essential 
ancillary variables required to estimate 
surface-atmosphere CO₂ fluxes by modeling. 
These essential ancillary variables are:
i) Ocean color and marine ecosystem compo-

sition.
ii) Ocean physical state, e.g. from altimetry
iii) land cover, land use and land-use change.
iv) Wetland area. 
v) Fires and other ecosystem disturbances.
vi) Land ecosystem biophysical variables.
vii) Permafrost area and its dynamics.
viii)Satellite information relevant to fossil fuel 

emissions.

3.2.5.Integra6ve1data1sets

i) Global geospatial information on fossil fuel 
emissions of CO₂ and CH₄ and their tempo-

ral variability, including sectorial information 
and uncertainties.

ii) Global geospatial information on CO₂ and 
CH₄ emissions from biomass burning.

iii) Geospatial information on CH₄ emissions 
from landfill, and CO₂ emissions from food 
and wood production.

iv) Climate and weather variables at the vari-
ous scales necessary to model atmospheric 
transport accurately, and ocean and terres-
trial CO₂ and CH₄ fluxes and their variability 
at the relevant scales for assimilation into 
the atmospheric models used in inversion 
modeling.

3.2.6.Data1archive

A comprehensive data archive containing the 
quality-checked observations and data synthe-
ses. 

3.2.7.A1synthesis1and1assessment1system

An international carbon office, building upon a 
network of experts in different countries, pro-
viding regular and fast-track synthesis of the 
global carbon budget, of regional details in 
CO₂ fluxes and their drivers, and of the global 
CH₄ source and sink distributions.

13

In summary, a multi-scale, coordinated system of 
integrated global carbon observations would con-
tribute to answering critical scientific and societal 
questions, including: 

•What are the size, location, and processes con-
trolling present-day terrestrial and marine car-
bon sources and sinks? 

•What is the effectiveness of deliberate carbon 
sequestration activities? What are the implica-
tions of these activities for the global carbon 
cycle?

•How effective are regional and national GHG 
management and policy interventions? How 
can they be improved and where?

•How will carbon sources and sinks behave in 
the future under higher CO2 and altered pat-
terns of climate, land vegetation, and ocean 
circulation? 

•How soon will feedbacks that enhance global 
warming come into play and what carbon-cycle 
management tools are likely to be effective in 
combating or preventing them?


