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There has never been a greater need for delivering timely and
policy-relevant information on the magnitude and evolution of
the human-disturbed carbon cycle. In this paper, we present
the main thematic areas of an ongoing global research agenda
and prioritize future needs based on relevance for the evolution
of the carbon-climate-human system. These include firstly, the
delivery of routine updates of global and regional carbon
budgets, including its attribution of variability and trends to
underlying drivers; secondly, the assessment of the magnitude
of the carbon-climate feedback; and thirdly, the exploration of
pathways to climate stabilization and their uncertainties.
Underpinning much of this research is the optimal deployment
of a global carbon monitoring system that includes biophysical
and socio-economic components.
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Introduction

The core goal of the carbon cycle research community in
responding to the climate change challenge is to under-
stand the role of the natural and managed carbon cycle in
the dynamics of the climate system. That requires quan-
tifying the effect of human activities on the carbon cycle
[1]; determining the response of natural systems to these
disturbances; projecting future behavior of carbon pools
and fluxes; and exploring pathways to atmospheric stabil-
ization through the management of the carbon—climate—
human system. A diverse set of national and international
carbon research agendas consistent with these objectives
has been developed over the last decade. In particular,
the Global Carbon Project was established by the Earth
System Science Partnership 10 years ago with a research
agenda that reflects the goals outlined above and with the
mandate to develop a globally coordinated research
strategy for its implementation [2,3°].

However, the rapidly evolving scientific and policy land-
scapes call for a continue reassessment of research priori-
ties and ways the scientific information is produced and
delivered to key users of carbon information.

New emerging knowledge includes firstly, the possibility
of a decline in the efficiency of natural carbon dioxide
(CO,) sinks, which, if confirmed and persistent, will lead
to faster atmospheric CO, accumulation [4°°,5°,6°,7];
secondly, a wider recognition of the existence of vast
carbon reservoirs on land and oceans vulnerable to desta-
bilization, and potentially leading to enhanced carbon
emissions from natural systems [8-10,11°,12]; thirdly, the
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emergence of ocean acidification as a major ocean-wide
impact from excess anthropogenic CO, [13°14]; and
fourthly, the high sensitivity of the methane cycle to
climatic factors and its future dynamics [15,16].

New emerging policy issues include firstly, the increased
requirements for Monitoring, Reporting and Verification
(MRV) to support climate-policy development and
implementation; secondly, the conflicting policy
demands for carbon-based products related to food secur-
ity, energy security, and biodiversity conservation; and
thirdly, the wide recognition of possible unintended
consequences of large-scale manipulation of carbon—cli-
mate interactions with the goal of mitigating climate
change.

In this paper, we outline continued and emerging
research areas, with an emphasis on those with the great-
est need for an interdisciplinary, global scientific effort.
We structured the paper in four sections. The first three
sections cover the main research domains consistent with
the goals of the broader research agenda described above:
diagnostics of the carbon cycle — the observation and
quantification of the human disturbance on the carbon
cycle; vulnerabilities of the carbon cycle— understanding
the processes driving carbon fluxes and their role in the
present and future climate system; and low carbon path-
ways — 1dentifying key leverage points for climate miti-
gation and building resilience in the carbon—climate—
human system. All three research domains are closely
interconnected and need to be addressed simul-
taneously; however, key diagnostics of the carbon cycle
are required to place the relevance in space and time of
driving processes, and the exploration of future trends;
low carbon pathways need to build inevitably upon the
knowledge of the magnitude of the fluxes and their
driving processes. Within each section, there are a num-
ber of broad research questions representing areas of high
relevance for which major research and observation gaps
exist. The final section provides a prioritization of the
agenda with an initial set of engagements with other
international bodies, policy development, and outreach
to the broader society.

Diagnostics of the carbon cycle

Quantification of carbon sources and sinks, their spatial
distribution and evolution over time remain a critical area
of research. Two key goals justify this investment.

First, the magnitude and dynamics of the human disturb-
ance on carbon flows and pools must be quantitatively
understood and assessed over time in order to determine
levels of mitigation and their uncertainty ranges required
to achieve temperature targets. Climate policies depend
on this type of information to help design efficient miti-
gation policies for a given temperature target. This is an
area of active research, where integrated global carbon

observations are used to constrain regional fluxes and
pools. At present, uncertainty of national or continental
budgets is on the order of 50% at the best, and around
30% for global natural fluxes [4°°,6°%,17°,18,19°%,20°°].

Second, there is an increasing need for capacity to
Monitor, Report and Verify (MRV) climate mitigation
activities resulting from global treaties, national and sub-
national policies. Key to this requirement is the provision
of a broader set of observations and model systems
capable of assessing the adequacy of, and compliance
with climate policies. Clearly, the emergence of carbon
markets and the ultimate growth of a global carbon
economy can only be built upon an independent, robust,
transparent, and scientifically based MRV capability.
This will require appropriate institutions to assist this
high-level policy-based science such as the establishment
of an agency or consortium of agencies to assume and
implement this new mandate [21].

Although the focus of this agenda is on carbon, largely
CO; and CH,, future analyses need to include other
carbon and non-carbon greenhouse gases such black
carbon and nitrous oxides (N,O). The initial choice of
CO; and CH4 is because they are the two largest con-
tributors of anthropogenic greenhouse gases (GHG)-dri-
ven climate forcing, together accounting for 83% in 2008.
Carbon dioxide alone is responsible for 80% of the current
growth in climate forcing due to all major GHG [22,23].

What is the evolution of the global anthropogenic CO,
budget?

Establishing and attempting to close the global carbon
budget (adding and subtracting all major sources and
sinks should equal zero) provides a global consistency
check on how confident we are in assessing the magnitude
of the human disturbance and attributing it to its com-
ponent fluxes.

Because the human disturbance occurs on top of an active
natural carbon cycle, which in part hides the human
disturbance, the requirements for accuracy are high.
Thus, a key research area is to reduce uncertainty on
the global budget to levels adequate for process attribu-
tion and assessment of GHG impacts of climate mitiga-
tion. This will be done through improved observations
and models for each of the component fluxes including
further constraining the flux from land use change, cur-
rently the most uncertain flux of the global carbon balance
[4°°,6°°]. Reducing errors in the quantification of fossil
fuel emissions also requires increasing attention to lead-
ing regions undergoing rapid economic growth with
detected errors of as much as 20% [25].

Two key observationally based diagnostics provide
important information on the evolution of the carbon
budget: the trend in the airborne fraction — the fraction
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of emissions from human activity that remains in the
atmosphere [4°°,6°°,7,26] and the carbon intensity of the
economy — the amount of carbon emitted to produce one
dollar of wealth [27°]. In addition, testing short-term
projections with actual observations provides continuous
verification of initial assumptions. Recently, this type of
comparison revealed that the growth rate of fossil fuel
CO; emissions over the last decade was above the average
emission from all IPCC emission scenario families [1,27°].

What is the evolution of the global CH, budget?
Methane atmospheric concentration has been relatively
stable over the last two decades but a recent spike in
concentration suggests that methane emissions are highly
sensitive to climate fluctuations, and thus possibly to
climate change, and wetland distribution.

Given the diversity of CHy sources and the sensitivity of
CH4 removal on the complex nature of atmospheric
hydroxyl radical (OH) chemistry, there is a need to
understand better the spatial distribution and chemistry
of emissions that affect OH concentrations and how they
relate to human activities and natural processes [28].

Key goals in understanding the CH4 budget are firstly, to
improve the capacity to analyze and attribute changes in
atmospheric CHy, and secondly, to better understand the
causes of variability of methane sources including both
natural (e.g. from Northern and tropical wetlands) and
human (e.g. livestock, rice paddies, and fossil fuel). An
outcome of this effort should be the capacity to establish an
annual or biennial update of the global methane budget.

Source quantification and atmospheric observation of
atmospheric CHy at higher space and time resolution will
provide the ability to detect emissions hot spots such as
new methane sources from wetlands, industry, fires or
permafrost hydrates.

What are the regional contributions to the global carbon
balance?

The development of carbon budgets and their dynamics
over time at the regional and national scales stems from
the need for higher spatial resolution that is possible with
current global approaches. Regional budgets can be con-
structed by utilizing global models and data products
along with higher density observations, models and pro-
cess information unique to the regions. Initial estimates of
regional contributions to the global biological terrestrial
net carbon sink are, on average, 0.23 PgC for China [29],
0.27 PgC for continental Europe [20°°], 0.5 PgC for North
America [19°°], and a net sink of 1.7 PgC for the entire
Northern Hemisphere extra-tropical region [20°°]. Some
of these estimates have errors as big as 50%.

A key potential application of regional budgets is to
support, monitor and verify regional emissions and the

outcomes of mitigation activities, further constraining the
already existing sectoral GHG emission inventories.

Well-defined methodologies to establish regional budgets
and their uncertainties will improve the intercomparabil-
ity among regions, while allowing using regional fluxes to
constrain the global budget and vice versa. The reconci-
liation of top-down atmospheric inversions with bottom-
up estimates constitutes an essential process for building
confidence in the regional estimates. Improved diagnosis
of regional budgets will also favor the benchmarking of
coupled carbon—climate models by using observations,
and help reduce error in future projections of the carbon
cycle. With the aid of models, improved regional budgets
in areas with dense observations will help to attribute
fluxes to underlying processes and drivers.

Enhancing observations and analyses in a globally
coordinated strategy

All the objectives above cannot be achieved without an
enhanced global carbon observing system to fill current
gaps in knowledge on the carbon cycle [30], and as
established by the Group on Earth Observations [31].
Such a system needs to embrace both global and regional
components, bottom-up and top-down observations and
modeling, and a capacity to report and analyze results in a
timely fashion. It needs to include observations, their
uncertainties and quantification of both biophysical vari-
ables and those characterizing human activities and
underlying drivers. While progress is being made in some
regions of the world, critically important regions for the
global carbon balance, such as the tropics and high-
latitude regions with carbon-rich soils, lack fundamental
observations. This has led to large uncertainties in pre-
sent estimates of carbon pool sizes and the vulnerability
of those pools to anthropogenic disturbance. Deployment
of observation systems to track the extent of ocean
acidification is also needed.

A research area for further development relates to
multiple constraint approaches, as new observational plat-
forms and multiple-model ensembles become more
readily available. Particularly important is the advent of
the continuous GHG measurements from satellites. Con-
tinued network design activities are needed to identify
sensor and validation network characteristics to meet
observational goals. In the international effort to reconcile
top-down and bottom-up estimates of fluxes, processes
and the overall carbon balance, the application of formal
model-data assimilation techniques capable of dealing
with multiple data streams (well established in weather
and hydrological forecasting) remains a major research
area [32,33].

Vulnerabilities of the carbon cycle
A significant contributor to uncertainty on the magnitude
and rate of future climate change is lack of understanding
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of the feedbacks between anthropogenic emissions, the
carbon cycle and the climate system. As much as 40% of
the uncertainty in the model spread of climate change
projections for the 21st century might be due to variable
characterization of the dynamics of the carbon cycle [34].
Further uncertainty comes from pools and processes not
included in the current generation of earth system
models, such as decomposition of thawing organic carbon
[10], vulnerability of methane hydrates to warming and
resource extraction [11°], interactions between climate
change, stratospheric ozone depletion and the strength of
ocean carbon sinks [35], and synergistic effects of drought
and deforestation on land emissions [36].

Although carbon—climate feedbacks can enhance either
sources or sinks of CO,, a subset of these vulnerabilities
currently included in earth system models consistently
show increased source emissions. This represents a highly
unconstraint positive feedback to climate change be-
tween 20 and 200 ppm of additional CO, by the end of
this century [37°°].

Additional vulnerabilities on carbon pools emerged from
complex interactions among human activities and climate
variability and change. Examples are food policies, peat
drainage, drought and fires in parts of Southeast Asia and
Russia, or commodity prices, forest degradation and fire in
tropical regions.

How big and vulnerable are the Earth’s carbon
reservoirs?

An important limitation to characterize the magnitude of
carbon—climate feedbacks is a better assessment of the
size, spatial distribution, uncertainty, and likelihood of
disturbance of carbon pools, which potentially can lead to
new or enhanced emission sources. Major biospheric and
fossil carbon reservoirs include permafrost, peat, mineral
soils, biomass, oil, gas, coal, and methane hydrates.

An additional need is to provide a consistent measure of
uncertainty that can be appropriately propagated in
vulnerability analyses and in the projections of carbon—
climate feedbacks.

Are there irreversible carbon thresholds?

A key development in process research, modeling, and
observations is the ability to identify non-linearities,
thresholds and irreversible processes. Examples are the
potential self-sustained thawing of permafrost triggered
by human-induced warming [38°°], the rapid increase in
fire occurrence and vegetation replacement due to the
interactions between reduced rainfall and tropical
deforestation under future climates [8], peatland drainage
and associated fires [39°°,40], ocean acidification on ocean
productivity [11°%,12], and the long-term effects of major
global financial crises and oil price shocks on the carbon
intensity of the economy and underlying drivers. The

ability to assess risks of possible thresholds is essential for
policy development and development of mitigation tar-
gets which include conservation of carbon sinks and
pools.

What is the magnitude of the carbon-climate feedback?
Although the magnitude of individual carbon—climate
feedbacks might not seem significant next to the large
fluxes from the combustion of fossil fuels, the combined
effects of multiple carbon vulnerabilities can be signifi-
cant [37°°]. These vulnerabilities include firstly, changes
in the strength of carbon sinks; secondly, increased carbon
emissions from the destabilization of carbon pools by
climate change and human activity; thirdly, other vulner-
abilities associated with changes in non-CQO, radiative
forcing and their human and biophysical underlying dri-
vers; and fourthly, uncertainty in climate sensitivity.

Land and ocean biogeochemical models with appropriate
development and validation of new critical processes will
provide measurements of the magnitude of individual
vulnerabilities. The development of simple analytical
tools will allow exploration of the magnitude and range
of multiple vulnerabilities and their interactions. Com-
plex earth system models of the family of C4MIP (Cli-
mate Carbon Cycle Coupled Model Inter-comparison),
with significant advances in complexity and processes
representation, will ultimately provide the magnitude
and timing of the combined vulnerabilities in the bio-
physical context. Some of the still missing or poorly
constrained processes include the role of nutrient avail-
ability, disturbances, and land management [41,42].
Model improvements will enable to address complex
questions as the role of oceans to degassing CO, to the
atmosphere as the atmospheric concentrations of CO,
begin to decline in the future, or the interactions between
the CO; fertilization effect on productivity and nutrient
limitation. The dynamics of the natural climate—carbon
system as recorded in ice cores will also provide con-
straints on the magnitude of the climate—carbon cycle
feedback [43].

What are emerging human-carbon interactions of most
significance?

Societal and individual decisions leading to GHGs emis-
sions and land use changes (and thus to changes in carbon
sources and sinks) need to be characterized along with the
responses of the carbon cycle.

Quantification of key drivers of fossil fuel emissions and
land use emissions are required to identify leverage points
for intervention including the carbon intensity of the
economy, population growth, income growth, lifestyles
and international market forces which impact domestic
policies. In addition, most past studies have focused on
drivers that start at the point of production and there is
increased need for studies that focus on consumption and
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lifestyles as a key emission driver [44]. At the regional
level, more attention is needed on the international trade
of goods and services which allows increased consump-
tion with production and emissions occurring elsewhere
[44,45°°,46,47].

Rapidly emerging economies are locking into high emis-
sion pathways calling for the need to assess development
models that allow countries to reach a high-level of life
satisfaction without replicating the high per capita emis-
sions in today’s developed countries. Likewise, carbon
pricing will affect the rate of development and the
adaptation of energy technologies by countries. These
include considerations of technological advances such as
carbon capture and storage and global implementation of
bioenergy systems.

The coupling of carbon cycle and climate models with
socio-economic models provides a venue to move toward
whole system assessment of vulnerabilities with human
and biophysical components as interactive drivers of
change. Simpler conceptual models will enable to explore
the consequences of multiple interactions, including the
necessary elements for resilient systems. Coupling with
integrated assessment models (IAMs) will cross-validate
models and provide additional insights on the interplay
between human decisions and changes in carbon stocks
and flows. These would include choices in carbon mitiga-
tion pathways, low carbon development strategies, major
policies of global significance (e.g. biofuel targets), rapid
economic growth of emerging nations, financial crisis and
oil price shocks, technological developments (e.g. extrac-
tion of methane hydrates or deployment of massive
bioenergy systems), and the implementation of new
carbon markets. Integration needs to include all positive
and negative feedbacks.

What is the role of biodiversity for the resilience of
carbon pools and sinks?

Through genetic information, and species and ecosystem
interactions, biodiversity is linked to many ecosystem and
earth system functions. A number of relationships have
been established among functional biodiversity, resili-
ence of functions and the impacts of loss and gain of
species. However, the link between biodiversity, and the
size and stability of carbon pools and fluxes over time is
still elusive, and thus slowing down the design of more
resilient carbon sinks while protecting their carbon pools
and biodiversity [48].

The relevance of these interconnections is becoming
rapidly apparent as impacts of ocean acidification on
marine species are better understood, and discussions
are underway for large-scale sink enhancement projects,
and more in general, large-scale manipulations of land,
oceans and atmosphere that will affect both biodiversity
and carbon pools and fluxes.

Low carbon pathways

What is the global mitigation potential of land-based
options?

Three interconnected agendas are likely to drive major
land transformation during this century: climate change
mitigation, food security, and energy security. All three
lead to higher demands for land and altered land uses.
T'he ensuing changes will bring not only opportunities for
development but also possible unintended negative con-
sequences on the environment and downstream socio-
economic implications.

Because the interplay of these three agendas will be unique
for different regions of the world, both global and regional
approaches are required to assess the mitigation potential
that can be achieved with sustainable development prin-
ciples and under different socio-economic scenarios (e.g.
with or without the existence of international carbon
markets). Multiple and complementary approaches in-
clude the establishment of opportunity costs (an economic
approach), the establishment of resilient systems and path-
ways (a systems approach), and assessing land availability,
land quality and optimal usage (a resource assessment
approach). Such assessments will enable researchers to
explore scenarios, resolve trade-offs, ensure sustainable
principles, and align win—win activities, including support
for combined mitigation and adaptation efforts. Thus, an
integrated assessmentapproach is fundamental to establish
a portfolio of mitigation options [49]. The results will also
inform which strategies and combinations work best in a
given region. A key uncertainty is the carbon balance of
global agriculture, both intensive (industrial) and non-
intensive, and the national and international policies that
can encourage management for carbon sequestration.
Research and development on governance to deal with
complex interlinked policies that address climate change,
food security, and energy security will be critical for
successful policy outcomes.

How climate protective are land-based mitigation
options?

Changes in land use and land cover that sequester carbon
in plant biomass and soils can be used to reduce net
carbon emissions from human activities. However, land-
based mitigation affects climate through more ways than
carbon sequestration alone. The emissions of methane,
nitrous oxide, and other trace gases differ substantially
with land use and management strategies, including
irrigation and fertilizer use [50]. Additionally, changes
in land use and land cover lead to changes in surface
reflectance (albedo), surface energy balances, which
affect climate and may even dominate over biogeochem-
ical factors [51]. For instance, forestry projects typically
darken the land surface compared to pastures, agricultural
lands, and snow-covered surfaces, increasing the absorp-
tion of sunlight. In contrast, crops tend to brighten the
land surface, cooling a system if other terms of the energy
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balance remain the same. Other important biophysical
changes alter the amount of water that evaporates or
transpires from plants and the soil, the roughness or
unevenness of the plant canopy, and ultimately the
extent of convective clouds and rainfall. Thus, the net
climate benefits of land use and cover changes must be
assessed as the balance between GHG fluxes and bio-
physical properties of the land surface.

The potential climate benefits of reforestation in the
tropics are likely to be large because biogeochemical
benefits are further enhanced by positive biophysical
changes such as water recycling and cloud formation,
reflecting additional sunlight. This positive feedback
adds to the justification for efforts such as Reduced
Emissions from Deforestation and Degradation (REDD)
in the tropics [52]. In contrast, climate models suggest
that large reforestation programs in snow-dominated
regions may have limited climate benefits because of
the substitution of bright snow in winter for dark forest
canopies if evergreen tree species are used [53,54]. Large
uncertainties exist on the direction and magnitude of the
biophysical effects in temperate and arid regions.

Assessing the net radiative effects of large-scale land
transformation can best be advanced with a combination
of regional to global land-surface models combined with
more extensive remote-sensing and field observations.
Fully coupled global and regional models along with
biogeochemical models are needed to assess the relative
contribution of biogeochemical and biophysical effects
[55]. Understanding where both carbon storage and bio-
physics align to reduce net radiative forcing and where
they might partially cancel each other out will inform the
design and spatial distribution of large-scale mitigation
interventions. New scientific information can be used to
develop a set of spatially explicit rules on where the
highest and least climate benefits can be achieved [56].

What are the carbon cycle consequences of
geoengineering the climate system?

Without advocating the use of geoengineering interven-
tion strategies, we recognize that the scientific com-
munity needs to provide scientific input into the
debate on geoengineering proposals. Important scientific
gaps include the mitigation potential of geoengineering
and the potential for unintended consequences to other
components of the interconnected earth system. This
knowledge, with an appropriate quantification of the
uncertainties, needs to inform discussions with technical
and policy bodies, in addition to educating the general
public on both the potential benefits and risks posed by
these proposed climate solutions.

The current diverse portfolio of geoengineering options
falls mainly in two categories: firstly, solar radiation man-
agement such as spraying aerosols in the upper atmos-

phere or brightening clouds with sea salt, and secondly,
CO; removal from the atmosphere by biological or chemi-
cal means. The options with implications for the global
and regional net carbon balances are of most interest.
Issues include: firstly, the impact of stratospheric aerosol
injection on the land and ocean carbon reservoirs, in
particular not only through the impact of increase of
diffuse light on primary production, but also through
indirect pathways such as possible changes in strato-
spheric ozone and surface winds; secondly, the availabil-
ity of soil nutrients such as nitrogen and phosphorus to
meet the demands of sustained productivity of large-scale
afforestation projects; and thirdly, the effects of iron
fertilization on other trophic chains and biodiversity in
general, including fisheries. An integrated perspective is
needed for each geoengineering strategy that assesses
GHG fluxes and biophysical properties on land and in the
oceans, as well as unintended environmental co-effects.
This need unifies carbon-cycle research across a suite of
mitigation options inside and outside geoengineering.

How much urban mitigation can contribute to emission
reductions?

Over half of the world’s population lives in urban environ-
ments and this fraction is expected to increase. This fact
highlights the importance of urban environments as a
focus for mitigation opportunities. There is an important
research agenda in understanding and quantifying how
changes to existing urban infrastructure, lifestyles, and
governance institutions can drive reduced GHG emis-
sions. Options include new and efficient technologies in
the production and consumption of stationary and trans-
port energy, enhancements to the efficiency of older
technologies, improved urban and building design, and
better carbon governance. Changes in the behavior of
urban dwellers will also be of increasing importance
[57] — for example, choices in transport, the ‘walkability’
of urban spaces, and the use of household and commu-
nities gardens for food and aesthetics. A key challenge is
that as urban density increases, a larger share of pro-
duction and emissions will occur outside of the city limits
creating accounting and burden-shifting problems [58].
Hundreds of millions of people will likely move into
urban areas over the next decades providing an unprece-
dented opportunity to develop more efficient, better
designed, and better governed urban regions.

There are a number of key research issues in the evolving
urban carbon agenda. First, we need a clear understand-
ing of the carbon footprints of urban regions including an
assessment of the implications of considering different
urban system boundaries, a key element of uncertainty
when determining emissions responsibility of urban
regions.

Second, it is important to determine what portion of urban
emissions are amenable to management by municipal
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governments and other urban institutions; this will ulti-
mately provide a global estimate of the potential direct
mitigation benefit from better urban design and man-
agement. For example, control over the provision of
energy to some urban regions is regulated at the provin-
cial, state, or national scale. Cities can still play critical
roles but more effectively as facilitators rather than actors

[59].

"Third, the most successful solutions for mitigating GHG
emissions will be those that exploit co-benefits, such as on
water use, improved air quality, better transport systems,
and greener cities [60].

Fourth, comparative city studies can reveal less carbon-
intensive urban development pathways and opportunities
for retrofitting existing or developing designs. An exam-
ination of cities with current mitigation and adaptation
plans can provide a basis to quantify co-benefits in differ-
ent development paths.

Fifth, mitigation must also be examined in the light of
equity issues, recognizing the disproportionate impacts of
climate change and costs of mitigation activities on poor
and otherwise vulnerable people.

Finally, an assessment of urban areas allows focus on
lifestyles and consumption patterns as emission drivers.
Studies find that the level of income is the dominant
determinant of housechold environmental impacts.
Further research is needed on ways to reach a high-level
of life satisfaction at reduced per capita emissions in
developed counties and to facilitate a low carbon pathway
in developing countries.

What are the requirements to achieve atmospheric CO,
stabilization and how to share the mitigation efforts?
The selection of a global warming target and how to share
the mitigation burden among nations is largely a political
decision based on the science of climate change,
economics and ethical considerations. Among the science
that is required to inform the policy process, there is a
great deal of fundamental carbon cycle information which
we divide in five categories.

First, to achieve atmospheric CO, stabilization requires
an understanding of both the evolution of the human
disturbance of the carbon cycle (i.e. largely CO, emis-
sions from fossil fuels and land use change), and the
evolution of the strength of the natural sources and sinks
of carbon (on land and oceans). In particular, the vulner-
ability of the carbon cycle to the human disturbance has to
be factored in the mitigation pathways for stabilization.

Second, relating emissions pathways to atmospheric con-
centrations or global temperature is a complex process
requiring input from many research fields [61]. The

probabilistic relationship between cumulative anthropo-
genic CO, emissions and peak global temperature above
preindustrial levels is a new emerging approach [62°,63].
A related issue is to determine what are the maximum
levels of residual emissions allowed, if any, after climate
stabilization has been achieved.

Climate stabilization is not necessarily the same as the
level of stabilization required to maintain healthy ocean
ecosystems, as progressing acidification may have strong
effects on the stability of ocean life, long before tempera-
ture stabilization levels are achieved. Thus, this requires a
coordinated but additional research effort.

Third, quantification of past, current, and likely future
carbon emissions and sinks of different regions and
nations will inform the debate on the biophysical respon-
sibility for having produced climate change. Increases in
gross domestic product over time are currently a key
driver for regional emissions [27°], and given current
disparities, reaching equity in life satisfaction across
regions without equal emissions is a key challenge. An
emergent issue at the regional level is the rapid increase
in flows of embedded carbon in traded products which
allows countries to increase levels of consumption with-
out associated increases in emissions [44,45°°]. On the
basis of the consumption accounting, up to 50% of emis-
sions from some of Western European countries are
produced outside of the country [45°°], while 50% of
the emissions growth in China over the last few years
is due to the manufacturing of goods for export [64].

Fourth, to analyze the effects of carbon pricing effects on
energy and mitigation costs and technological pathways.
A related research development in this area is the allo-
cation of emissions from fossil fuel and land use change to
human drivers, with country comparisons of similar and
different development pathways. Strategic analyses on
key emerging countries/regions (e.g. China, India, Brazil,
Russia Federation, South Africa) will further help to
understand the causes and likely evolution of emissions
from human activity, and to focus in developing the
capacity in these regions to develop low carbon pathways.

Research priorities

We have presented a broad yet coherent research agenda
to quantify and understand the carbon cycle and reduce
uncertainty on its future evolution. The research and
synthesis presented build upon observations, exper-
iments, and synthesis efforts coming from disciplinary
and multi-disciplinary efforts.

In this section, we outline an initial set of research
priorities emerging from today’s state of knowledge of
the carbon cycle and its significance for the evolution of
the earth system. New knowledge and the future evol-
ution of anthropogenic forcing will undoubtedly lead to
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new assessments of priorities. Emphasis is also placed on
efforts that require a higher level of integration and
international cooperation to achieve its final objectives.
These form a linked set rather than a list ordered by
significance.

1. Optimal deployment of a Global Carbon Monitoring System.
The design and implementation of an optimal global
carbon observation system underpins much of the
carbon cycle research. This requires a global network of
countries and key agencies as it is envisioned by the
Group on Earth Observations (GEO). This system is
needed to monitor changing global and regional carbon
budgets in consistent ways, including both trends and
variations (see Priority 2), and to provide an enhanced
capacity to Monitor, Report and Verify (MRV) the
outcomes of climate policies. The optimal system will
use the best available knowledge of the carbon cycle to
implement ground-based observations and satellites in
a way that uncertainties will be reduced in a cost-
effective way, avoiding duplications, gaps, minimizing
biases and other sources of uncertainties. This will be a
system of systems combining global perennial com-
ponents (e.g. GHG retrievals from satellites, global
sampling networks, earth system models) with regional
components capable of providing sufficient spatial
resolution to detect, quantify and attribute changes of
the natural and anthropogenic carbon fluxes and pools.
New observation platforms and extensions to current
ones are necessary, including a denser network of
atmospheric sampling stations and more regular and
extensive soil and vegetation carbon inventories.
Improved model-data assimilation approaches are
required to benefit fully from the multiple streams of
bottom-up and top-down data available. The models
themselves require more accurate representation of
atmospheric transport, more realistic ecosystem and
ocean carbon processes, and adequate model resolution
to minimize sampling and representation errors. At
present, model uncertainty is large (as quantified from
intercomparisons) limiting the accuracy of the carbon
cycle diagnostic. Models must improve and be tested
against observations, and ultimately, improvements will
largely depend on new high quality data to enable
future reanalysis of trends and variability. A compre-
hensive monitoring system will undoubtedly need to
include components that relate to socio-economic
drivers of carbon fluxes such as energy consumption,
GDP, and population distribution.

2. Delrvery of routine updates of global and regional carbon
budgets, and attribution of variability and trends to
underlying drivers. The magnitude of the human
disturbance of the carbon cycle is a key diagnostic
of the evolution of climate change and the effective-
ness of climate policies. One overarching research
requirement and one operational requirement are
needed for carbon budget data to be useful. First,

uncertainty of all carbon fluxes must come down
significantly. Currently, some flux uncertainties (for
instances on land use change) might be as high as 50%.
Second, the timely processing and delivery of carbon
budgets require an operationalization of data retrieval,
modeling and analyses, and therefore a transition from
the current research-based funding arrangement to
one of the climate change services. The attribution of
observed variability and trends to natural and anthro-
pogenic processes requires advanced analysis of the
regional contribution (including urban components) in
conjunction with other biophysical and socio-
economic information. This priority will be greatly
aided by the Global Carbon Observation System
outlined in Priority 1, but much can be done before
that system is fully deployed.

3. Assessment of the magnitude of the carbon—climate feedback.

Sources of positive and negative feedbacks should be
investigated at different time scales. Land and ocean
processes with the potential for large influences in
carbon fluxes need to be better constrained and
incorporated into to the carbon cycle component of
Earth system models. This includes firstly, constrain-
ing the CO, fertilization effect on ecosystem pro-
ductivity and its interactions with water and nutrient
availability, including possible shifts in nutrient
limitation; secondly, the role of disturbances and land
management; thirdly, the role of ocean acidification on
ocean CO, fluxes; and fourthly, a much improved
assessment of the magnitude and vulnerability of
carbon pools to climate change and human interven-
tion, particularly for organic soils such as those in
permafrost regions and peatlands.

4. Exploration of pathways to climate stabilization and

uncertainties. A full integrative approach is required to
address the realistic potential and effectiveness of
carbon mitigation options. This includes allowing
competitive interactions among multiple mitigation
strategies and addressing both biogeochemical and
biophysical aspects of the resulting changes in
radiative forcing. Particular consideration needs to
be given to the production of bioenergy as a potentially
important long-term carbon mitigation option, in
addition to conservation of current carbon pools (e.g.
Reduced Emissions from Deforestation and Degra-
dation, REDD). Ultimately, this type of information
must deliver plausible biogeophysical pathways to
achieve atmospheric GHG and temperature targets
such as the 2°C target established by the United
Nations Copenhagen Accord in 2009. Analysis of
carbon flows of embedded carbon in products and
services at multiple scales (e.g. cities, national) provide
a strong link between the physical carbon cycle and the
policies and human activity that drives them.

The next two points are not research priorities but key
components of the process, extension and delivery of
science.
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5. Establishing global synthesis efforts. There has never been
a greater need for coordinated global integration and
synthesis efforts in the domain of carbon cycle
sciences. Because the carbon cycle is deeply inter-
connected through multiple processes in the land,
oceans, atmosphere, and anthroposphere (human
activities), scientific progress requires a significant
investment in bringing together diverse pieces of
science and regions into a common framework for
analyses. Targeted synthesis efforts need to be aligned
and coordinated with the Intergovernmental Panel on
Climate Change (IPCC). New collaborative synthesis
studies can be modeled on the successful ‘Annual
update of the Global Carbon Budget’ and the
‘REgional Carbon Cycle Assessment and Processes
(RECCAP)’. A new assessment on the magnitude and
vulnerability of the Earth’s carbon pools is needed.

6. Communicating the science and policy alignment. Engage-
ment in the climate change debate and alignment of
research with policy processes are both critical for
effective interactions between science, policy and
society. Key engagement opportunities at the inter-
national level arise through the participation in
technical panels of the United Nations Framework
Convention on Climate Change and the Group on
Earth Observations, as well as with regional and
national policy institutions and processes. There is a
continuing need for engagement with the broader
society, through media releases of new research
findings and informed comment on the broader
scientific agenda.
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