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of the observing system and evolution in observation
requirements and technology, an international review
recommended the TPOS 2020 project to make TPOS more
robust, integrated and sustainable, and able to meet future
needs. TPOS 2020 is now well underway.

GCOS has produced a status report reviewing progress
of the Global Climate Observing System and outcomes of
actions identified in the Implementation Plan. This Status
Report will be submitted to the UNFCCC SBSTA at COP21.

GCOS is also preparing a new Implementation Plan to
present to the UNFCCC SBSTA at COP22 in December 2016.

Article contributors:

Carolin Richter and Simon Eggleston (GCOS)

Further information

GCOS:
www.wmo.int/pages/prog/gcos

GCOS publications:

www.wmo.int/pages/prog/gcos/index.

php?name=Publications

Figure 4: The ESA CCI has released three global LC maps for the 1998-2002, 2003-2007 and 2008-2012 epochs and three global land cover
seasonality products describing vegetation greenness, snow and burned area occurrence dynamics. All products can be freely accessed online at

http://maps.elie.ucl.ac.be/CCI/viewer (picture: ESA). Credit: Land Cover_cci Project Team.
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2.1 Introduction

All of the major space agencies have programmes dedicated
to the development and stewardship of climate data
records from satellite observations. This article highlights
the programme of the European Space Agency (ESA).

As a contribution to the response from CEOS to GCOS on
the need for ECV products, ESA initiated a programme,
the Climate Change Initiative (CCI), to bring together
European expertise covering the full range of scientific,
technical and development specialisations available within
the European EO community and to establish lasting
and transparent access for global climate scientific and
operational communities to its results. The objective of
the CCI programme is to realise the full potential of the
long-term global EOQ archives that ESA together with its
Member States have established over the last 30 years, as
a significant and timely contribution to the ECV databases
required by the UNFCCC.

Since 2010, the CCT programme has performed algorithm
development, inter-comparison and validation, and large-
scale EQ data processing for 13 GCOS ECVs where the
potential contribution from ESA was considered unique
and/or significant. Importantly, all CCT ECV data products
are provided with quantitative uncertainty estimates and
have been evaluated by leading members of the climate
research community. It has contributed to a rapidly
expanding body of scientific knowledge, demonstrating
new insights in climate research by maximising the
scientific benefits that satellite observations can provide

to better inform and respond to needs raised by the IPCC. :

To achieve this, substantial community building has taken
place to strengthen the relationship between satellite data
product developers and climate scientists. As a result of
the multidisciplinary approach of the programme, strong
links have also been forged spanning the land, ocean,
atmosphere and cryosphere science communities. The
products are being made available through the CCI Data
Portal and the intention is that the processing systems are
transferred from CCI to operational programmes, such as
Europe's Copernicus Climate Change Service (C35).

2.2 Responding to the IPCC

The IPCC reports synthesise all the published evidence
on climate change and produce an assessment of the
current state of knowledge. These assessments come with
statements on their confidence as well as reporting on
changes since the last report. In the fifth IPCC Report in
2013, CCI made contributions in specific areas with direct
impact on summary conclusions as a result of improved
ECV products and greater community consensus.

Over the last two decades, the Greenland and Antarctic
ice sheets have been losing mass, glaciers have
continued to shrink almost worldwide, and Arctic sea
ice and Northern Hemisphere spring snow cover have
continued to decrease in extent (high confidence) (IPCC
2013).

The Randolph Glacier Inventory (RGI) is the first globally
complete inventory of glaciers produced for IPCC AR5, with
ESA projects contributing about one-third of all glacier
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outlines (Figure 1) and consortium members from Glaciers

CCT being instrumental in its successful creation.

The RGI has proven vital for global-scale applications,
in particular sea level change assessments since the lack of
knowledge of the global distribution of glaciers was a significant,
but very hard to quantify, source of uncertainty. This has
allowed greater agreement on future glacier mass loss.

homogeneous reprocessing of satellite data from
multiple satellites. These products were developed in
the framework of the Ocean Surface Topography Science
Team (OSTST) and GLOSS. While they cover the period
from 1993 to the present, they tie in well with buoy
observations from earlier in the 20 century.

By combining the CCI products with other ECVs, improved

¢ sea level budget studies have been performed at global

Figure 1: Glacier outlines from the RGI (blue) with contributions from the Glaciers_cci Project Team (Background is MODIS Blue Marble)

Figure 2: Multi-mission global sea level trend from altimetry. This figure
includes all the CCI satellite time series overlaid after being adjusted for
biases - 1993 to 2013 (mm/year).

Credit: CNES, ESA, LEGOS, CLS

The rate of sea level rise since the mid-19th century :
has been larger than the mean rate during the previous :

two millennia (high confidence). Over the period
1901 to 2010, global mean sea level rose by 0.19
[0.17 to 0.21] m (IPCC 2013).

Improved global mean sea level estimates have
been produced through evolution of algorithms and
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and regional scales, allowing estimates of unknown or
poorly known contributions (e.g. the deep ocean heat
uptake and its role in the current hiatus or the land water

. storage change due to human activities). The provision

of these high quality data has encouraged cross-ECV
interaction and hence allowed better knowledge of the
components necessary for sea level budget closure. Further
work on this is currently being pursued by bringing the

(CT teams together to focus on sea level budget closure.

Ocean warming dominates the increase in energy stored
in the climate system, accounting for more than 90% of
the energy accumulated between 1971 and 2010 (high
confidence). It is virtually certain that the upper ocean
(0-700 m) warmed from 1971 to 2010, and it likely
warmed between the 1870s and 1971 (IPCC 2013).

Sea Surface Temperature (SST) datasets have been
developed over the period from 1991-2010 using the
Along Track Scanning Radiometer (ATSR) and Advanced Very
High Resolution Radiometer (AVHRR) satellite data, with
Spinning Enhanced Visible and Infrared Imager (SEVIRI)
data for diurnal modelling of infrared temperatures.
By combining these records with those from passive
microwave instruments, SST records and departures from
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Figure 3: CCI annual mean sea surface
temperature (SST) anomaly maps for
1992-2010

Credit: SST_cci Project Team

the mean have been produced (Figure 3). The products

include both skin SST and SST at standard depth. They
are homogeneous and stable throughout the time series,
accompanied by context-specific uncertainty estimates and
independent from in-situ measurements.

2.3 Community Building

To achieve the generation of a complete ECV requires the
space agencies and the EQ science community to collaborate

more closely at a scientific level and to coordinate better :

to ensure data are accessible to all and that the data are
adequately preserved over long periods of time. A part of
this substantial community building has taken place within
CCT to strengthen the relationship between satellite data
product developers, EQO scientists and climate scientists.
Key examples include the development of the RGI for IPCC,

the Ice Sheet Mass Balance Intercomparison Exercise :

(IMBIE), development of close international collaboration
on greenhouse gases and the unification of the global

satellite aerosol science community through the AeroSAT

initiative as a complement to Aeronet and AeroCom.

The RGI was achieved through a major community

effort along with international cooperation between the

Global Terrestrial Network for Glaciers (GTN-G), the World
Glacier Monitoring Service (WGMS) and Global Land Ice
Measurements from Space (GLIMS). This is now evolving
into development of a global glacier database (gtn-g.org/
data_browser.html). IMBIE was a collaboration between
ESA and NASA to bring together the key scientists in ice

sheet mass balance to end a 20-year disagreement. It :

produced a reconciled estimate of ice sheet mass balance

changes in Antarctica and Greenland, as seen from
satellites, and their contribution to sea level rise (Figure 4)
is being continued through the second IMBIE experiment.

. The atmospheric concentrations of carbon dioxide,

methane, and nitrous oxide have increased to levels
unprecedented in at least the last 800,000 years.

, Carbon dioxide concentrations have increased by 40%

since pre-industrial times, primarily from fossil fuel
emissions and secondarily from net land-use change
emissions. The ocean has absorbed about 30% of the
emitted anthropogenic carbon dioxide, causing ocean
acidification (IPCC 2013).

The expertise in greenhouse gas assessment in Europe

: through the Scanning Imaging Absorption Spectrometer

for Atmospheric Chartography (SCHIMACHY) has been
coupled with the launches of the Japanese Greenhouse

Figure 4: Reconciled sea level contributions due to mass loss from the
Greenland and Antarctic Ice Sheets (Shepherd et al. 2012)
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Gases Observing Satellite (GOSAT) and US 0C0-2
satellites, which took place in the CCT period. This allowed
the groups from Europe to work closely together with
those from Japan and the US to test multiple algorithms
to improve (O, and CH, retrieval accuracies and coverage
and in the process generate column average (0, and (H,
from the SCIAMACHY instrument (2002-2012) and the
Japanese Thermal and Near-infrared Sensor for Carbon
Observation (TANSQ) instrument (2009-2014) and
prepare for the Orbiting Carbon Observatory-2 mission
(oco-2).

Total radiative forcing is positive and has led to an
uptake of energy by the climate system. The largest
contribution to total radiative forcing is caused by the
increase in the atmospheric concentration of CO, since
1750 (IPCC 2013).

One of the greatest uncertainties in climate science is the
degree of radiative forcing attributable to aerosols. To help
tackle this, the global satellite aerosol science community
has been brought together through the AeroSAT initiative
as part of the global effort to better understand aerosol
behaviour and as a complement to the in-situ Aeronet and
AeroCom modelling communities. This has also helped
pull together a very disparate community in Europe and
thus allowed the development of aerosol property ECV
data sets for test years from multiple satellites and an
aerosol product from the ATSR-2 and AATSR instruments
over the period 1995-2012

2.4 Cross-domain Exchange and EO and Climate
Community Collaboration

In addition to improvements in ECV products and
collaboration within the communities that generate them,
fundamental needs exist to ensure that consistency exists
between different ECVs and also that the products are
known by and used by the climate community itself.
Major successes of the CCI include transparency in
production and documentation, estimation of uncertainty
and exchange between teams responsible for given ECVs.
In addition, the continuous exchange with the climate
research and climate modelling communities has been
emphasised through their involvement in individual
teams and also through the specific Climate Modelling
User Group (CMUG), which represents several of the
major modelling groups in Europe. These twin elements
have allowed the projects to evaluate their products as
they proceed. Regular colocation meetings across the (I
Programme, targeting specific topics, have encouraged
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the traditional boundaries between domains and product-
¢ focused communities to be breached. There is therefore

a greater willingness to collaborate on common themes
and, as a consequence, a desire to tackle larger questions
such as how to close the sea level budget, as well as
greater openness in model development. These themes
need to be continued and developed to spawn better ECV
products, such as improved estimates of fire disturbance
to help constrain and validate the representation of fire
in climate models (Figure 5), and hence go beyond the
requirements envisaged by GCOS.

Figure 5: Fire_cci developed spatial distributions of fires at climate model
resolution to test the representation of fire in these models.
Credit: Fire_cci Project Team

2.5 Conclusions

The IPCC's AR5 in 2013 highlighted the importance of
improvements in both observations and modelling in
understanding the Earth as a system and addressing the
scientific challenge of monitoring and predicting climate
change. Advances in understanding based on better
observations and models have been noted and hence
there is more confidence in statements made in the
report compared with the AR4 released in 2007. These
improvements in understanding have been made partly
through provision of high quality ECV data products and
their availability to the science community. ESA's (T has

. taken a lead role in Europe in organising the community

and exploiting the data archives accrued in Europe, but
the improvements are also a function of the development
of structures and fora to exchange information at the
international level as well as greater collaboration
between science domains and within the EO community.

Despite the successes demonstrated by the (CI so far,
considerably more work needs to be done to meet the
growing demand for ECV data products to satisfy the

increasingly complex scientific challenges presented by
change in the Earth's climate and the consequent negative
impacts on the environment and human prosperity. While
understanding of the Earth as a system has been the
focus of the first decade of the 21 century, the next
decade for science will be to address the urgent societal
challenge to support climate adaptation and mitigation.
This is already reflected within Europe in terms of the high
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priority assigned to climate research and climate service
development and the implementation of operational
climate services through the EU's Copernicus programme.
This new challenge requires even greater effort to go
beyond production of high quality observational data
sets for climate understanding (i.e. GCOS ECVs) to target
information requirements for climate adaptation and
mitigation.

Further information

ESA ((T:
cci.esa.int

Other International Programmes

EUMETSAT climate products:
www.eumetsat.int/website/home/Data/Products/
Climate/index.html

NCDC Climate Data Record programme:
www.ncdc.noaa.gov/cdr/index.html

NASA Climate site:
climate.nasa.gov/evidence
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3.1 Our Valuable Forests

Covering around 30% of the world's land area, forests have
a crucial role in supporting life on Earth. They support an
abundance of ecosystem services, such as providing food
and habitat for a variety of species, regulating climate and
supporting nutrient cycling, carbon storage and watershed
services. Forests also contain scenic landscapes of intrinsic
and cultural value.

Human dependence on forests extends their use as a
source of food, fuel, medicines and construction materials.
Forests are a key driver of industry and economic growth in
many parts of the world.

Of perhaps greatest importance is the role of forests in
balancing the Earth's carbon budget. Forests have a key
role in sequestering carbon and act as a valuable sink to
offset other sources of (O, in the atmosphere including
from deforestation, fire and fossil fuel emissions.

Protecting our forests forms a valuable part of the strategy
to mitigate climate change.

Figure 1:Global tree cover based on MODIS data (M. Hansen, UMD)
Credit: Pan et al. 2013
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3.2 Deforestation and Forest Degradation

The extent of forest loss caused by human disturbance
has been substantial and progressive. Over 40% of forest
area has been cleared, with most occurring during and
following the Industrial Revolution. Over the past decade,
the greatest losses were felt in the tropical region, with
boreal forest loss placed second.

Plantations and regrowth have resulted in a decrease in
the net loss of forests in some countries. However, we
are still losing around 13 million hectares of forest each
year. South America and Africa continue to experience the
greatest net loss of forest.

The undervaluing of forests has increased their susceptibility
to development pressures and conversion. Degradation of
forests occurs where there is a persistent loss in carbon
density over time. The drivers are many and varied and
involve human pressure (unsustainable logging, shifting
cultivation, grazing, urbanization) and natural factors (fire,
disease, pests).

Current rates of deforestation and forest degradation are
responsible for around 17% of anthropogenic greenhouse
gas emissions (www.unep.org/vitalforest/). This is second
only to burning of fossil fuels. The impact of forest loss will
be felt at all scales, from global climate change to declining
economic value of forest resources and biodiversity and
threatened local livelihoods.
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Figure 2: Forest net change 1990-2005 (FAO, 2006: Global Forest Resources Assessment 2005)

3.3 The International Response

A number of global initiatives are underway that aim to
improve the sustainability of forest management practices.

Collectively, they aim to promote the development of E

national forest monitoring systems that utilise satellite
Earth observations and improve confidence in greenhouse
gas emissions estimates.

The adoption of the UNFCCC in 1992 was a significant step
towards tackling the issue of global warming. Member
countries participate in strategy development at COP on an
annual basis. Key agreements to date include:

— The Kyoto Protocol (COP3, 1997)

— Reducing Emissions from Deforestation and Forest
Degradation (REDD; COP13, 2007)

- Reducing Emissions from Deforestation and Forest
Degradation (REDD+; COP16, 2010)

The Kyoto Protocol required a commitment from developed
countries to reduce their greenhouse gas emissions
below a specified level within five-year timeframes (first
commitment period: 2008-2012). While accounting for
forest carbon management practices, including afforestation,
deforestation and reforestation, was part of the process,
the conservation of forest carbon stocks was not.

REDD was adopted as a means of including developing
countries and the protection of forest carbon stocks in
negotiations. Financial incentives are offered to developing
countries that implement carbon emissions reduction
schemes and a low carbon economy.

REDD+ goes beyond REDD and includes the role of
conservation, sustainable management of forests and
enhancement of forest carbon stocks. REDD+ countries must
commit to periodic measurement, reporting and verification
(MRV] in the forest and other land-use sectors in accordance
with the IPCC Guidelines. Central to the process is the
establishment of a robust and transparent MRV system that
uses a combination of satellite EO and forest inventory for
producing a validated carbon emissions account.

Assisting in the implementation of REDD+ are the
United Nations REDD Programme (UN-REDD), the World
Bank's Forest Carbon Partnership Facility and the Global
Environment Facility. These agencies are engaged in
capacity building, developing finance mechanisms and
assisting countries in their REDD+ preparedness.

COP21 in December 2015 has the aim of achieving universal
agreement on climate change mitigation. Countries will
submit their proposed approach to long-term reductions
in greenhouse gas emissions and adaptation to change.
A binding agreement is foreseen to be entered into force
from 2020 onward, providing recognition, at last, of the
scale and impact of climate change and the desire to tackle
it head on.

3.4 Forest Information Requirements

Primarily as a consequence of the role of forests in regional

¢ to global carbon budgets, there is a requirement for

annual spatially explicit national mapping of forest cover
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and carbon stocks. Spatially explicit information is needed

to track activities and drivers and support estimation of

greenhouse gas emissions and removals.

The IPCC Good Practice Guidance in greenhouse
gas inventory development mandates the following:
transparency, completeness, consistency, comparability
and accuracy. National forest monitoring systems should
provide data and information that is transparent, consistent
over time, and suitable for MRV of REDD+ activities and
nationally appropriate mitigation actions. Consistency with
historical data is necessary for establishing forest reference
(and emission) levels. Methods that minimise bias and
allow comparison between countries should be used.

The need for forest information extends beyond national
forest monitoring and greenhouse gas inventory. The Group
on Earth Observations' (GEO) nine societal benefit areas
need some type of information about forests. Information
about the status of forest resources is used in forestry
operations, natural resource management, conservation
and reserve planning, and biodiversity assessment.

3.5 The Role of EO Satellites

To meet the requirement for annual spatially explicit national
mapping, the availability of gap-free moderate resolution
(10-30m) satellite data is essential. Complementary
optical and radar satellite sensors are currently operational
and both support the development of forest information
monitoring systems.

EO satellites and data processing systems have advanced
to the point where it is feasible for countries to produce
wall-to-wall assessments of forest and land cover change
at national scale. Modelling techniques have also evolved
to allow extrapolation of forest inventory measurements
and their integration with EO data.

These data will enable countries to produce consistent and
comparable annual reports on changes in forest carbon,
emissions and removals that can support any binding
agreement on emissions reductions targets at COP21.

Satellite EO is considered a valuable source of activity
(change) data for mapping land-use. Optical imagery is
widely used and offers the most operational capability
today. The long temporal archives of the Landsat series are
useful for baseline generation and tracking change in land
cover/land-use. The existing Landsat Long-Term Acquisition
Plans (LTAP) allow frequent observation (ten attempts
globally per year) over forested areas.
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Figure 3: Landsat-based forest cover change mapping in Colombia
Credit: IDEAM, Colombia

The spectral properties in the optical domain are well
suited for forest monitoring, although cloud cover can be
limiting. Higher resolution data (RapidEye, WorldView,
Pléiades) are suited to detection of fine-scale change.
Frequent observations are a requirement for capturing
discrete events or rapid change in dynamic environments.
The European Sentinel-2A mission, launched in June
2015, provides improved global optical coverage and is
expected to be useful for tracking disturbance and subtle
changes in forest cover, arising through, for example, forest
degradation.

Radar sensors penetrate cloud and operate independently
of the weather, so are particularly useful in tropical
regions. The different radar wavelengths are sensitive
to different forest structures and above-ground biomass.
Longer wavelength L-band radar is suited to monitoring
changes in forest extent and estimating biomass in low
biomass forests. Dense time-series of (-band observations
(Sentinel-1) allow tracking of changes in forest cover. High-
resolution products (canopy gaps and height] are possible
using data from X-band sensors (TerraSAR-X/TanDEM-X].

Data from previous generation (JERS-1, ALOS) and current
(ALOS-2) L-band radars can be integrated to observe historic
and more recent change in forest cover. The ALOS-2 global
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Figure 4: The PRODES Landsat deforestation monitoring programme in
the Brazilian Amazon

Credit: INPE, Brazil

Figure 5: Wall-to-wall land cover map over Borneo island derived from
ALOS PALSAR data

Credit: D. Hoekman, Wageningen UR, NL

data acquisition strategy allows two global observation
attempts per year and four over tropical regions.

Data from multiple EQO sensors are often integrated, as
this helps overcome sensor specific limitations such as
saturation, operating modes and temporal gaps. Data fusion
is often necessary for mapping forest types, degradation
and biomass and can improve the detection of change.

Future satellite radars, such as BIOMASS, and space-borne
LiDARs (ICESat-2, MOLI and GEDI) may well revolutionise

Figure 6: Estimated above ground biomass in eastern Australia, derived
from Landsat, ALOS PALSAR and ICESat data

Credit: R. Lucas, UNSW; Credit: JAXA K&C, JRSRP UQ/DSITI, U Aberystwyth

the capacity to monitor changes in forest carbon. By
combining long time-series and high resolution data,
this will enable better tracking of change as a result of
forest dynamics, allowing for better assessments of carbon
balances and sequestration potential, as well as habitat
quality and biodiversity.

3.6 The Global Forest Observations
Initiative

The Global Forest Observations Initiative (GFOI;
www.gfoi.org) was set up in 2011 to support the goal of
reducing greenhouse gas emissions from the forestry and
land-use sectors. National forest information systems are
recognised to be essential for effective participation in
and reporting to international climate change agreements.
GFOI supports governments that are establishing national
forest monitoring systems by:

— Fostering the sustained availability of satellite data in
support of national efforts to better manage forest resources

- Providing assistance (capacity building) on utilising
satellite and ground-based observations

- Developing Methods and Guidance Documentation (MGD)
on the use of data for national forest monitoring systems,
consistent with IPCC guidelines
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- Promoting on-going research and development (R&D)
and supporting continuous improvements in forest
monitoring and reporting systems

GFOI builds on previous experiences of the GEO Forest
Carbon Tracking (FCT) task. It aims to extend national
forest monitoring efforts to a global level and promote best
practice methods consistent with UNFCCC greenhouse gas
reporting requirements. GFOI works in parallel with other
global initiatives at the Food and Agriculture Organization
(FAO), World Bank, IPCC and Global Observation of Forest
and Land Cover Dynamics (GOFC-GOLD).

From the outset, GFOI has encouraged countries to
develop national forest monitoring systems that use wall-
to-wall time-series of satellite observations to better track
changes in forest cover. Such a system allows countries
to demonstrate long-term national emissions reductions
arising from policy and conservation outcomes.

GFOI has identified seven thematic forest map products,
derived using satellite EO data, that will enable countries
to routinely and precisely measure forest area and carbon
stock changes:

— Forest/Non-forest

— Forest/Non-forest change

— Forest stratification

— All Land-use categories

- Land-use change between forests and other land-uses
— Change within forest land

— Near-Real Time forest change indicators

The products represent intermediate inputs for greenhouse
gas emissions estimation that provide improved confidence
intervals for country emissions estimates. Their production
and use is dependent on monitoring needs and will be
greater the more activities are to be monitored within the
REDD+ spectrum.

Article contributor:

GFOI Project Office
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3.7 Implementing a Global Data Acquisition
Strategy

Building on associated CEOS satellite data coordination
efforts for GEO FCT, CEQS has assumed responsibility
for coordinating satellite acquisitions in support of GFOI
activities. Approved in 2011, the CEQS Space Data Strategy
for GFOI encompasses three key elements:

— A baseline, coordinated global data acquisition strategy
involving a number of core data streams that will be
supplied free-of-charge for GFOI purposes;

— A coordinated strategy for national data acquisitions in
response to national needs assessments;

— Data supply in support of GFOI R&D activities.

Collaboration between C(EOS and GFOI has led to a
comprehensive strategy that coordinates acquisitions from
both optical and radar satellites, and so maximises the
interoperable and synergistic use of the available satellite
systems.

GFOI will continue to assist countries in building their
national forest monitoring systems in support of sound
decision-making and sustainable forestry, and so help
ensure the preservation and wise use of forests for future
generations.

Further information

GFOI:
www.gfoi.org

4.1 Carbon and Climate Change

Atmospheric concentrations of carbon dioxide (CO,) and
methane [CHA], both components of the carbon cycle,
have increased since the beginning of the Industrial
Revolution by 42% and 150% respectively. Together they
accounted for over 80% of the human-caused increase
in the Earth’'s radiative forcing due to greenhouse gases
(GHGs) in 2014 (www.esrl.noaa.gov/gmd/aggi/aggi.html),
and therefore are the leading causes of human-induced
climate change. These two gases have very unique
properties. (0, emissions has a very long atmospheric
“residence time" once emitted: 40% of today's (0, emissions
will remain in the atmosphere in 100 years and about 20%
will still be airborne in 1000 years (Ciais et al. 2013). Thus,
anthropogenic (0, emissions cause, to a large degree,
irreversible climate change at human time-scales, which
justifies a precautionary approach to addressing climate
change — given the risks to human wellbeing associated
with a warmer world. Second, the CH, molecule is a much
more powerful GHG than (O, (~28 times on the 100 year
horizon) but its shorter residence time (~9 years), makes
it a good target for efficient mitigation actions on human
timescales. Further, CH, also impacts ozone chemistry. The
Global Carbon Project (www.globalcarbonproject.org) works
towards the construction of a more robust global carbon
budget and in-depth trend analyses, and has provided
annual updates for the past 10 years for (O,, and more
recently the first global CH, budget.
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4.2 Global Carbon Budget - (O,

The global carbon budget, here referring to the human
perturbation budget of CO,, includes all changes in the
annual (0, fluxes of carbon sources and sinks that result
from the direct or indirect effects of (O, emissions from
human activities, mostly fossil fuel combustion, cement
production, and land-use changes. This perturbation
determines the changes in the atmospheric (0,
concentration given that we know concentrations were
stable at around 278 ppm for thousands of years prior
to the Industrial Era. Figure 1 shows the carbon budget
for the decade of 2004-2013 (Le Quéré et al. 2015), with
emissions from fossil fuels of 8.9+0.4 GtC yr? (Gigatons
or billion tons), and emissions from land-use change of
0.9£0.5 GtC yr. Of those emissions: 4.3+0.1 GtC yr? had
accumulated in the atmosphere, and increased the GHG
effect; 2.6+0.5 GtC yr! was removed by the oceans; and
2.9+0.8 GtC yr? was removed by terrestrial ecosystems.
Fossil fuel emissions accelerated and grew at a rate of
2.3% per year on average in the past decade — compared
to 1.1% during the 1990s, and are now about 60%
higher than those in the early 1990s when international
negotiations to address climate change began. Emissions
from land-use change seemed to be more stable or
declining (in particular in Brazil) during that decade, albeit
with large uncertainties associated with its component
fluxes. It is worth noticing that due to the smaller land-
use change fluxes and, to a larger extent, due to the strong
growth in fossil fuel emissions over the past decade, the
fraction of anthropogenic (O, emissions contributed by
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Figure 1: Global carbon budget (COZ) for the decade 2004 - 2013
Credit: Le Quéré et al. 2015

land-use change is now around 10% of the total, down
from 36% in 1960.

Land and ocean sinks are responding to the increasing
atmospheric (0, by increasing the (O, flux being removed
from the atmosphere. Natural carbon sinks remove over
half of all anthropogenic carbon emissions, thus providing
an economic subsidy worth hundreds of billions of dollars
annually if an equivalent sink had to be created by currently
available financial instruments and technologies (Canadell
and Raupach 2011). However, the sink growth is slower
than the growth of fossil fuel emissions indicating a loss
of sink efficiency and inability of the sinks to keep pace
with the fast emissions growth (Raupach et al. 2014).
The collective dynamics of all sources and sinks has led

to current high atmospheric (0, concentrations, now with
months-long incursions over 400 ppm and an annual
average of 397 ppm in 2014.

4.3 Global Carbon Budget — CH,

Methane is the second most important GHG — contributing
20% of warming by the well-mixed GHGs. Despite a pause
in atmospheric growth, perhaps contributed by better
management in the agricultural and energy sectors, growth
resumed in 2007 and has since continued. The causes of
the new growth are uncertain but likely candidates are a
series of wet years in the tropics causing increased wetland
emissions and by the rapid growth of the energy sector
in Asia. Today, the atmospheric mixing ratio of methane
has surpassed 1800 ppb, 1.5 times its pre-industrial value.
Anthropogenic emissions in the (H, budget now represent
about 2/3 of the global methane emissions due to livestock,
rice paddies, landfills, and human-caused biomass burning
— with significant contributions by leaks from natural gas
and oil, coal extraction and distribution. Natural emissions
of CH, are dominated by natural wetlands and other
continental water bodies, with smaller contributions from
geological natural venting, wildfires, and termites. 90% of
the global sink for atmospheric CH, is oxidation by hydroxyl
radicals (OH), mostly in the troposphere, with additional
minor sinks in soils, stratosphere and marine boundary
layers. Figure 2 shows the budget for the decade of 2000-
2009 (Kirschke et al. 2013; Ciais et al. 2013). Atmospheric
inversions of CH, concentrations taken from observational
networks estimate total global emissions of 548 Tg
(Teragrams) of CH, yr? (526-569) and a global sink of 540
(514-560) Tg CH, yr™. The mismatch between the sources

Figure 2: Global methane budget 2000-2009 Credit: Kirschke et al. 2013
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and sinks leads to an atmospheric growth rate of +6 Tg (H,

yrt. Interestingly, a combination of national statistics and
land based inventories with biogeochemical models show
larger global CH, emission fluxes and emission trends,
not consistent with the atmospheric constraints, and
thus highlighting the need for independent observation
networks to better constrain national and international
based reporting.

Figure 3: Global tree cover based on MODIS data (M. Hansen, UMD
Credit: EDGAR

4.4 Observing the Perturbation of the Carbon
Cycle

Strategies to stabilise the climate require understanding and
managing the carbon cycle to control anthropogenic GHG
emissions, possibly increase the magnitude of (O, sinks on
land, and preserve high and vulnerable carbon stocks such
as tropical forests and soils (Canadell and Schulze 2014).
The global sink cannot be understood without elucidating
the contribution of each region. Some land and ocean
regions serve as sinks, others as net sources. The fluxes of
(0, vary across seasons and years, and the processes that
explain the sink magnitude and variability of (O, (and CH,)
fluxes differ between regions.

Today's global observational networks are able to track,
to some degree, changes in concentrations of carbon
species, flux exchanges between the land/oceans and the

atmosphere, and a number of key indicators of change of E

the world's land and ocean productivity as climate, (0,
nitrogen and other quantities change (Ciais et al. 2014).

Atmospheric observations are a key component of a global
carbon cycle observing system because, when dense
enough atmospheric data can be collected, it is possible
to use transport models for quantifying all the fluxes that
emit or absorb (O, and (H, at the surface of the Earth.
The atmospheric approach is comprehensive because the
atmosphere sees all fluxes impacting the carbon balance of
a region. Measurements of fluxes at local scale over specific
ecosystems, or ocean regions are more informative about
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specific processes and fine scale details of fluxes, and they
are complementary to atmospheric observations because
they help to attribute net fluxes to underlying processes
and components.

The current observations of atmospheric mixing ratios of (0,
and CH, include: surface networks continuously monitoring
atmospheric concentration of GHGs; observations over
the ocean made on ships and moorings; aircraft vertical
profile measurements and balloon observations in some
locations; and a few instrumented commercial aircraft.
Satellite remote sensing of column (0, and CH, mixing
ratio with global coverage offers very promising options
to complete atmospheric observations over regions with
low surface network density — although they are not yet a
substitute for in-situ observations because of less accurate
performance and as yet insufficient coverage of cloudy
regions. The SCIAMACHY (2002-2012), and GOSAT (since
2009) satellite missions enabled a first mapping of column
(0, and (H, mixing ratio but they have not yet delivered
enough data to deliver revolutionary knowledge of the
carbon cycle, compared to existing in-situ observation
assets. The Orbiting Carbon Observatory-2 mission (since
2014), thanks to its high resolution and target mode
allowing comparison of space-borne data against ground
based column (O, (TCCON), appears to be promising
enough to deliver new column (O, data that will reduce
the uncertainty of (O, fluxes, in particular over mid-latitude
and tropical continents (Ciais et al. 2014).

On land, observations include the monitoring of land cover
change, eddy-covariance carbon exchange between land and
atmosphere (FLUXNET), and a number of remote sensed
vegetation greening indices that are related to the land’s
gross primary productivity (Figure 3). CO, observations over
the ocean are made by ships and moorings, which are used
to develop global climatologies and inter-annual variability
of carbon exchanges between ocean and the atmosphere;
the Surface Ocean (O, Atlas (SOCAT) aims to synthesize

Figure 4: Trend in Growing Season Integrated NDVI (surrogate of Annual
Gross Productivity) between 1982 and 2011

Credit: Ranga B. Myneni
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these data (Bakker et al. 2014) and revealed that the tropics
and southern hemisphere oceans are under-sampled.
Observations of changes in carbon concentration in the
ocean interior are made from repeat surveys, and provide a
synoptic view of the uptake of carbon over decades.

This ensemble of observations is completed by statistical
approaches to estimate anthropogenic emissions based,
for instance, on energy statistics for (0, emissions from
the combustion of fossil fuels (Figure 4) and on livestock
statistics for CH, emissions from cattle.

Mission (agency) Status (launch)

GOSAT series (JAXA) Operational (since 2009). 2" satellite
Greenhouse Gas scheduled for 2018

Observing Satellite

4.5 Enhanced Policy-relevant Global Carbon
Observing System

Despite significant efforts in recent years to develop in-
situ, airborne, remote sensing observations and modelling,
current capabilities need to be financially consolidated
over the long-term (Houweling et al., 2012) and further
developed in order to address the Earth system's
emerging properties in response to human perturbation,
and to support observational capabilities required by
climate change policies. The density of observation is
still insufficient to accurately quantify the distribution and
variability of fluxes in each region, so that models used for
future projections cannot be improved and benchmarked
against present-day observations.

Mission Objectives

The world's first spacecraft dedicated to measurements
of greenhouse gases. Measures C0, and CH, distribution
and how the sources and sinks of these gases vary with

seasons, years, and locations

0CO series (NASA)
Orbiting Carbon

Operational (since 2014). 2" satellite
scheduled for 2016
Observatory

High resolution CO, measurements to characterise
sources and sinks on regional scales and quantify their
variability over the seasonal cycle

TanSat (China) Planned (2016)

Tansat will improve the understanding of global CO,
distribution and its contribution to climate change, and

monitor CO, variation on seasonal time scales

MERLIN (CNES/DLR) Planned (2019)
Methane Remote

Sensing Lidar Mission

Global information on atmospheric CH, concentration

MicroCarb (CNES) In definition (2020)

Designed to map sources and sinks of CO, on a global
scale

ASCENDS (NASA)

Active Sensing of

Considered (2022)

CO, Emissions over

Nights, Days, and

ASCENDS will: quantify global spatial distributions of
atmospheric CO, on scales of weather models; quantify
current global spatial distribution of terrestrial and
oceanic sources and sinks of CO, at weekly resolution;

Seasons and provide a scientific basis for future projections of CO,
sources and sinks through data-driven enhancements of
Earth system process modeling

CarbonSat (ESA, In definition (2023) Global atmospheric concentrations of CO, and CH, with

Germany) high spatial resolution and good spatial coverage -

helping to disentangle natural and anthropogenic sources
and sinks of C0, and CH,

A number of specialist greenhouse gas observing satellite missions are in orbit or planned by CEOS agencies
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At the Earth system level, there is the need to:

— follow and evaluate human emissions of (O, using
observations independent from energy use statistics
used in current inventories;

— monitor the variability and changes in the natural land
and ocean fluxes which affect excess atmospheric (0,

— be able to provide early detection information on
emissions hot spots (e.g. methane from permafrost,
hydrates, leaks from the energy sector);

— document (H, emissions from natural wetlands given
their dominant role in the global budget and large
uncertainties;

— monitor emissions pathways to zero for climate
stabilisation and the symmetry (or otherwise) of the
carbon cycle under negative emissions as required by
the low carbon pathways; and

— address all carbon greenhouse gases and N,0, the latter
a gas growing in importance as land-use intensification
continues in order to meet growing demands for food,
bioenergy and the emerging bioeconomy (Canadell and
Schulze 2014).

The carbon observing system needs to be enhanced from
a research-based set of observation arrays to a policy-
relevant carbon observing system with capabilities to
monitor, report and verify policy effectiveness at national
and sub-national scales. This will enable nations, provinces,
and local municipalities to implement and evaluate the
effectiveness of policies that reduce emissions or create
sinks of (O, and CH,. Uncertainties in inventories need to
be dramatically reduced in order to support such effective
policies (Ciais et al. 2014).

Article contributors:

Josep Canadell (CSIRQ), Philippe Ciais (LSCE), Corinne Le
Quéré (Univ. East Anglia), Philippe Bousquet (LSCE)
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Remote sensing offers the advantage of dense spatial
coverage at a global scale. A key challenge is to bring
remote-sensing measurements to a level of long-term
consistency, high spatial resolution and accuracy so that
they can be efficiently and consistently combined in models
and inventories with ground-based data in order to reduce
uncertainties. Bringing tight observational constraints on
fossil fuel related emissions and land-use change emissions
is the biggest challenge for deployment of a policy-relevant
integrated carbon observation system and one that could
begin to be achieved with upcoming and proposed satellite
missions. This requires in-situ and remotely sensed data at
much higher resolution and density than currently achieved
for natural fluxes, including over small land areas (cities,
industrial sites, power plants), as well as the inclusion
of specific tracers of individual emission processes such
as radiocarbon of (O, for fossil fuels, isotope *C in (O,
for land fluxes, or BC in CH, to separate flux sources
(biogenic, thermogenic, and pyrogenic), carbon monoxide
to track combustion-related emissions of (0, and ethane to
methane emissions from the gas industry. Additionally, a
policy-relevant carbon monitoring system needs to provide
mechanisms for reconciling regional top-down (atmosphere-
based) and bottom-up (surface-based) flux estimates
across the range of spatial and temporal scales relevant
to mitigation policies (Ciais et al. 2014). Uncertainties
for each observation data-stream should be assessed.
The success of such a system will rely on long-term
commitments to monitoring, on the generalisation of the
monitoring of “process” tracers, on improved international
collaboration to fill gaps in the current observations, on
sustained efforts to improve access to the different data
streams and to make databases interoperable, and on the
calibration of each component of the system to agreed-
upon international scales.

Further information

The Global Carbon Project:
www.globalcarbonproject.org
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Part I

The world has relied far too long on global temperature as
the single indicator of climate change. With the increasing
capacity of satellites to provide comprehensive data on the
Earth system, it is time for a new approach — a basket of
indicators that gives a more complete picture of climate
change and its impacts.

Elsewhere in this Handbook you will see described
the Essential Climate Variables (ECVs), a complex set of
physical quantities that drive the processes that govern
climate change on Earth. They were developed by GCOS
for the purposes of scientific understanding, modelling and
prediction of the world's climate. Some, such as albedo,
need a complex discussion of the Earth's radiation balance
before their meaning can be conveyed to non-specialists
and hence are not always suitable indicators of climate
change in a wider context.

Are there a few direct observations that we can make which
would give a better picture of change in the Earth system,
without necessarily requiring a deep understanding of the
physical processes involved? And which do not encourage
simplistic interpretations? Sea level rise is already a good
indicator. Scientists agree on its meaning, and policymakers
and the public can visualize its impacts. Global surface
temperature is at first sight a straightforward indicator of
climate change and policymakers make use of the concept
in negotiations, but science tells us it is an ambiguous
indicator. It says something about the weather, since the
production of water vapour is a sensitive function of sea
surface temperature, but it does not tell you how fast
climate is changing despite its frequent use as a reference.
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The public controversy on the so-called “hiatus” is a case
in point. Had the public been made aware instead of ocean
heat content data, it would have seen there was no hiatus
in the rate that the energy in the climate system was
increasing. Even as policymakers have set temperature as
the single most prominent metric for policy success, it is
one of the worst real indicators of actual stress.

It is often said that the public will not pay attention to
more than one indicator. We think this underestimates the
public — it also underestimates policymakers who regularly
deal with complex policy challenges, such as employment
and economic growth, for which they must rely on many
indicators. We would not expect to have a thermometer
thrust into our mouths in hospital and have no other
investigations of our body to guide a complex differential
diagnosis of many possible maladies. We know we can
have cancer without running a temperature. We are used
to doctors measuring more than one vital sign. We expect
to have blood assays, ECGs, tests for liver function, kidney
function or others, depending on our symptoms. When we
are faced with a serious medical problem, we want them
all. Why not treat the planet’s health the same way? Why
not vital signs for the Earth?

Planetary vital signs should be reliable, simple, have a
long term history, reflect a range of possible symptoms of
climate change, integrate as far as possible many wider
effects of change, be easily interpreted and conversely
difficult to misinterpret, either by accident or intent. They
need not be the same for policymakers and the public, but
they must be accessible to both.

What might be candidates? There are several possible lists
already in existence — this idea is not new — and the GCOS
ECVs themselves constitute some excellent candidates.
However, we should try to define a small set of maybe
6-8 series of observations that reflect in a straightforward
manner the state of the Earth's climate. That said, the
subject is not simple — hence the need for the fifty ECVs
— but we are not here trying to explain the processes
involved, but to look for the consequences.

Candidates for such indicators might be:

- Surface temperature — for all its faults, this is one sign
with which many are already familiar and we should
retain it, but not alone.

- Sea level is an excellent integrator of many aspects
of change — ocean warming, mass loss from the ice
sheets, glacier melting and groundwater changes. Half
the world's population lives within 100km of a coast,
and will be affected by sea level rise. Some small island
states and coastal regions are at particular risk.

- Atmospheric carbon dioxide — the fundamental driver
of anthropogenic climate change. We now monitor from
space the spatial distribution of atmospheric carbon

dioxide worldwide, but we have over 50 years of :

observations of global (0, content from Mauna Loa. Both
the (O, emission rate and the cumulative emissions are
important to policy.

- The energy content of the climate system — largely in
the form of Ocean Heat Content (OHC). IPCC AR5 tells us
that 93% all the energy increase in the climate system
is going into the oceans. This is of greatest importance
as OHC is the fundamental driver of the climate system
(not a consequence, like surface temperature] and
the reservoir of energy that will drive future weather
systems.

- Total solar irradiance — we need to see whether

changes in the Earth system are driven by changes in
the solar output, independently of anything humanity is
doing to the planet.

- Measures of extreme climate event occurrence and
intensity — one place to start is an index that measures
the total global area during the year in which extreme
conditions that depart by three standard deviations from
the local and seasonal mean occur.

- Arctic sea ice extent and volume — we now have a
very reliable means to measure from space the extent
(area) of winter and summer Arctic ice, and more recently
also to measure its thickness, and hence to calculate the
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total ice volume at any given time. This record extends
in part back to 1979.

Satellites are critical in providing the observations of many
of the above. For example, arctic sea ice extent has been
measured since the 1970s by passive microwave imaging
systems and for the last 20 years or so by active radar
imaging sensors also. In addition, dedicated satellites
(Icesat, Cryosat) with specific relevant technologies have
allowed measurements not only of the extent, but also the
thickness and hence total volume of sea ice to be made.

Sea level is now measured most accurately, and globally, by
a series of precise altimeters. These measurements go back
over 20 years and will continue into the future due to the

Figure 1: Total solar irradiance - Annual average composites of
measured total solar irradiance: The Active Cavity Radiometer
Irradiance Monitor (ACRIM) (Willson and Mordvinov, 2003), the
Physikalisch-Meteorologisches Observatorium Davos (PMOD) (Frohlich,
2006) and the Royal Meteorological Institute of Belgium (RMIB)
(Dewitte et al., 2004). These composites are standardized to the
annual average (2003-2012) Total Irradiance Monitor (TIM) (Kopp
and Lean, 2011) measurements that are also shown.

Credit: IPCC AR5

Figure 2: Atmospheric CO,
Credit: Scripps, NOAA
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Sentinel 6 series of missions. Total solar irradiance is best
measured from above the Earth's atmosphere by missions
such as the Solar and Radiation Climate Experiment
(SORCE). Satellite observations contribute significantly to
all the other parameters also.

We could think of more candidate indicators, but we should
restrict ourselves, for the sake of simplicity and better
communication, to a rather small number such as the
above. The climate science community has been generating
and using indicators for its own purposes for several
decades. It is now time to put this experience to broader
Figure 3: Sea level rise - Multi-mission global sea level trend from use. An indicator is simply a number unless people make
altimetry (1993-2010) use of it. The science community cannot do it on its own.
Credit: ESA/CLS/CNES/LEGOS It is essential that policymakers and public communicators
participate in the choice, format and dissemination strategy
for the world’s first set of planetary vital signs.

Let the dialogue begin. We hope that decision-makers
call for it and we know that the scientific community can

contribute a good panel of indicators if asked. A good

first step might be a conference or series of workshops Figure 6: Satellite data supports the study of the long-term variability of polar sea ice cover and its relationship to climate change
Credit: NASA GSFC

where natural and social scientists, policy specialists and
stakeholders frame a proposal on how to start.

Figure 5: Global average surface temperature anomaly
Credit: UK Met Office Hadley Centre

Figure 4: Energy accumulation within the Earth's climate system
Credit: IPCC AR5

Article contributors:

Stephen Briggs (European Space Agency), Charles Kennel
(Scripps Institution of Oceanography), David Victor
(University of California at San Diego)

Further information

www.nature.com/news/climate-policy-ditch-the-2-c-
warming-goal-1.16018
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Links & Contacts for CEOS/CGMS Working Group on Climate and the EOHB Online

The CEOS/CGMS Working Group on Climate

The CEOS/CGMS Working Group on Climate, established in 2010, is the centre-piece of the CEOS
contribution to climate change monitoring. This group, a joint group including CEQS Agencies and

the Coordination Group for Meteorological Satellite ((GMS), coordinates and encourages collaborative
activities between the world's major space agencies in the area of climate monitoring with the
overarching goal to improve the systematic availability of Climate Data Records through the coordinated
implementation and further development of a global architecture for climate monitoring from space.

The CEOS/CGMS Working Group on Climate facilitates the implementation and exploitation of ECV time-
series through coordination of the existing and substantial activities undertaken by CEOS Agencies and
via strong collaboration with other CEOS Working Groups and Virtual Constellations.

Further reading and contacts for WGClimate can be found on the CEOS website:

ceos.org/ourwork/workinggroups/climate

EO Handbook Online

The full text of this report is available on the Earth Observation Handbook’'s website at
www.eohandbook.com/cop21. A supporting database of the satellite missions, instruments

and measurements is available at database.eohandbook.com and contains powerful search and
presentation tools, with the ability to export customised tables and timelines in support of analyses of
current and planned provision of observations for different applications and measurements.
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