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COP23 and beyond

• COP23 in Bonn, Germany held in Nov, 2017 built upon the momentum of COP21 
and the Paris Accord. 

• With the inclusion of Syria in COP23, all countries have pledged to the Paris 
Accord…with a notable exception.

• A key challenge is to develop a “rulebook” that accounts for transparency in 
reported emissions before COP24 in Katowice, Poland

• The challenges of mitigation include more than emissions….
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The Challenge of Carbon Mitigation: Feedbacks

“major gaps remain….in our ability to link 
anthropogenic CO2 emissions to 
atmospheric CO2 concentration on a year-
to-year basis…. and adds uncertainty to 
our capacity to quantify the effectiveness 
of climate mitigation policies.”

for the industrialized countries for 2050, by which time considerably 
more CO2 will have accumulated in the atmosphere. 

Moreover, such an immediate reduction would need to be re inforced 
over time, even if it were achieved. When the concentration of CO2 in 
the atmosphere increases, the concentration of the gas in the atmos-
phere is greater than the concentration in the upper ocean, creating 
a net flux of CO2 from the air to the ocean. But, if atmospheric CO2 
concentrations stabilized, the average concentration in the ocean 
would slowly increase to match the concentration in the atmosphere, 
so uptake by the ocean would eventually cease. Thus, the immediate 
45% reduction in global emissions would no longer be enough to keep 
CO2 concentrations constant.

In fact, climate stabilization might be even more complex. Recent 
observations and simulations indicate that the current uptake of 
atmospheric CO2 might be adversely affected by climate change. 
Careful measurements of the airborne proportion of anthropogenic 
emissions (that is, the proportion that remains in the atmosphere) 
show a small increasing trend in the past 50 years3. Therefore, the 
proportion of anthropogenic CO2 absorbed by the ocean and the land 
is becoming smaller. The Southern Ocean might be responsible for 
this reduction, because changes in ocean-surface winds seem to have 
decreased the amount of CO2 taken up by surface waters in this region 
in recent years4. 

Furthermore, simulations carried out with coupled climate and 
carbon-cycle models indicate that changes in climate will result in 
even greater reductions in the ability of land and the ocean to absorb 
anthropogenic CO2 by the end of the twenty-first century5. These 
simulations suggest that the combination of warming and drying will 
limit photosynthesis by plants and stimulate the decomposition of 
organic matter in soil, reducing the capacity of land-based ecosystems 
to store carbon (see page 289). In addition, it is widely thought that 
global warming will result in slower ocean circulation, leading to a 
decrease in the amount of carbon that is exported from the surface 
to the deep ocean and thereby reducing the flux of carbon from the 
air to the ocean. So it seems that future warming will reduce carbon 
sinks, leaving more CO2 in the atmosphere and leading, in turn, to 
greater warming. 

This positive-feedback loop has implications for the pathway to 
stabilizing the concentrations of atmospheric greenhouse gases. If 
land-based and ocean ecosystems store less carbon than is expected 
in the future, then a greater effort will be needed, in terms of reducing 
anthropogenic emissions, to achieve a given concentration of atmos-
pheric CO2. The potential importance of this effect is illustrated by 
simulations carried out for the Fourth Assessment Report of the Inter-
governmental Panel on Climate Change (IPCC). These simulations 
indicate that to stabilize atmospheric CO2 concentrations at 450 parts 
per million (generally accepted as ‘safe’) by 2100, cumulative emissions 
in the twenty-first century need to be reduced by a further 30% when 
this feedback is taken into account (Fig. 1). 

Future policies aimed at stabilizing climate at a safe level will have to 
take many factors into consideration: the risks and associated financial 
costs of adapting to climate change; the risks of positive climate and 
carbon-cycle feedbacks reducing the efficiency of emission-reduction 
strategies; and the financial costs of reducing emissions. With the aim 
of informing such policies, the next assessment by the IPCC will explore 
various scenarios in which emissions are mitigated, including trajecto-
ries of emissions over time that result in stabilization of greenhouse-gas 
concentrations. These scenarios will be used by the climate research 
community to estimate the extent of future climate change, as well as 
its impact and the adaptations that might be required. This process 
differs fundamentally from past assessments by the IPCC, for which 
climate projections were based on non-mitigated emissions scenarios 
involving steady increases in greenhouse-gas concentrations over the 
twenty-first century. 

This environmentally concerned view needs to be taken up and fol-
lowed through by a succession of post-Kyoto regulations in the coming 
decades that lead to larger and larger reductions in greenhouse-gas 
emissions and eventually to stabilization of Earth’s climate in a state that 
is safe for society and the environment. There is, unfortunately, no mys-
tery: to stabilize climate, the concentration of greenhouse gases in the 
atmosphere must be stabilized, and to do so — given the limited capa-
city of the natural environment to absorb these gases — anthropogenic 
emissions will eventually need to be reduced to zero.  ■

Pierre Friedlingstein is at the Institute Pierre Simon Laplace, 
Laboratory of Climate and Environment Sciences, CEA-Saclay, 
91191 Gif-sur-Yvette, France.
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Figure 1 | Schematic illustration of past and projected trajectories of 
anthropogenic CO2 emissions. The amount of CO2 emitted from 1800 to 
the present is shown in black (solid line). Three projected trajectories of 
anthropogenic CO2 emissions are also shown (dashed lines): no effort to 
reduce emissions (black), and CO2 stabilization scenarios that do (red) or 
do not (green) take into account positive feedback between climate and the 
carbon cycle. It is clear that a greater reduction in emissions will be required 
to stabilize climate when feedback involving the carbon cycle is considered.
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2015 El Niño imprint on carbon

What were the spatial drivers of this growth rate?  How are they related to climate forcing?

3.05 ppm yr-1 (2015)
2.93 ppm yr-1 (1998)
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NASA Carbon Cycle Data Assimilation

The NASA Carbon Monitoring System Flux (CMS-Flux) attributes atmospheric carbon 
variability to spatially resolved fluxes driven by data-constrained process models across 
the global carbon cycle. 
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Study in contrast

Fossil Fuel Ocean Biomass burning NEP Chemical Source

The total flux inferred from CMS-Flux can be decomposed into a 
sum of terms representing key  processes within the carbon 
cycle. 

Need to separate NEP into GPP and respiration.

Net flux into the atmosphere is positive

 

F↑(x, y,t) = FF + FO + FBB + (R −GPPSIF )
−FNEP

! "# $# + Fchem

Estimate and contrast fluxes during an “extreme” year (2015) 
(OCO-2) against a nominal year (2011) (GOSAT).
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GPP inferred from solar induced 
fluorescence

Optimal estimation provides a framework to determine GPP that accounts for 
uncertainty in the fluorescence, prior uncertainty in GPP, satellite coverage and timing. 

Ŝ = (K>S�1
n K+ S�1

a )�1

x̂ = min
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+ kx� xak2
S

�1
a
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xa=mean Trendy GPP
y: GOSAT SIF at time {ti}
F(x): Observation operator: GPP to GOSAT overpass
Sn: Error in GOSAT SIF, Sa:Ensemble Trendy spread Parazoo et al, 2013

Frankenberg et al, 2011
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Tipping points: the hydrological context
Centered on Kalimantan, GRACE 
gravity data shows a liquid water 
equivalent thickness (LWT) anomaly of -
4 cm, 4x larger than then decadal mean 
anomaly.

Field et al, 2016 PNAS reported a non-
linear relationship between firecounts
and precipitation below 4 mm/day

Fields et al, 2016 (PNAS) 
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The Balance of Combustion and Productivity

“Top-down” emissions constrained by MOPITT CO 
show elevated biomass burning in Sumatra and 
Kalimantan. CO:CO2 calculated from Stockwell et 
al, ACP (2016)

CO2 fluxes constrained from OCO-2 are centered in 
S. Kalimantan.  

BB CO2 similar to 0.5 PgC in Yin et al, 2016 (GRL)

CMS-Flux SON 2015
BB CO2 = 0.4 ± 0.03  GtC
NBE CO2 = 0.3 ± 0.02 GtC
NEP = 0.1 ± 0.04  GtC

Field et al, 2016 (PN
AS)

Aug Sep

Oct Nov



Driest in the 
last 30 years Hotter

2nd driest in 
the last 30 
years

Diversity of Carbon Process Drivers

• Reduction of GPP dominated over tropical South America

• Increased respiration dominated over tropical Africa

• Increased carbon from fire dominated over tropical Asia

Liu et al, Science, 2017 
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increase (0.3 ± 0.18 gigatons C) occurred in re-
gions where temperature differences exceeded
3s (Fig. 4B). Over central tropical Africa, which
had historically nominal temperatures (Fig. 1B),
theNBE changewas close to neutral. The increase
in ecosystem respiration accompanied by high
surface temperatures is consistent with model-
ing studies that show that the variation in res-
piration over Africa was more closely related to
temperature than to precipitation (47). A lack
of ground-based observations over Africa makes
it challenging to verify such a relationship.

Implications and outlook of future
satellite CO2 observing networks

Results from our study support the assumption
in a number of studies (2, 3, 48) that the inter-
annual variability of the global carbon cycle is
dominated by the terrestrial tropics. However,
our results indicate that the global El Niño effect
is a superposition of regionally specific effects

and reveal a more complex, mechanistic picture
of the climate-carbon forcing response rela-
tionship than has been discussed to date [e.g.,
(2, 3, 11, 48)]. Cox et al. (2) related the climate-
land carbon feedback with ENSO-driven vari-
ability and proposed an emergent constraint
on global carbon-climate feedback. The heter-
ogeneous climate forcing and carbon response
over the three tropical continents to the El Niño
indicate the possibility of regionally dependent
emergent constraints on carbon-climate feed-
back factors.
The larger precipitation anomaly in tropical

South America and Asia, as compared to that in
Africa, during the 2015–2016 El Niño was a typ-
ical response pattern to eastern Pacific El Niños.
Malhi and Wright (16) analyzed the spatial var-
iability of tropical land temperature and precip-
itation response to the El Niño over a 38-year
period (1960–1998) and also found a stronger pre-
cipitation anomaly over tropical South America

and Asia. Furthermore, the precipitation anomaly
pattern over tropical South America in 2015 bears
a remarkable similarity with the projected precip-
itation change at the end of century: decreased
precipitation over the northern and southeastern
region (15, 49, 50). Like in 2015, the eastern and
southern regions of tropical Africa were projected
to have more frequent heat waves in the future
(51). The similarity between the 2015 tropical cli-
mate anomaly and the projected climate changes
in the future imply an analog between the 2015
and the future tropical carbon cycle responses.
Our study indicates that the impact of climate-
driver changes on the carbon cycle may counter-
act the CO2 fertilization effect over these regions
(10, 18), and the role of tropical land as a buffer
for fossil fuel emissions may be reduced in the
future. Indeed, some studies have shown that
tropical land has acted as an increasing CO2

source in recent decades with the increase of
temperature and drought events (52, 53). The

Liu et al., Science 358, eaam5690 (2017) 13 October 2017 4 of 7
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Fig. 4. The impact of extreme precipitation and temperature
anomalies on carbon fluxes. Carbon flux differences between 2015
and 2011 over the three tropical land regions where either precipitation

(top) or temperature (bottom) differences between 2015 and 2011 are

larger than
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p
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Implications for CO2 growth rate
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The Indonesian and the Brazilian region were the 2nd and 5th highest contributor (0.45 
ppm, 0.27 ppm) in total flux to the record CO2 growth rate in 2015.

These rivaled countries with far higher fossil fuel emissions. 
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Toward an Air Quality-Carbon-Climate  Constellation

• LEO:
• IASI+GOME-2, AIRS+OMI, CrIS+OMPS could provide UV+IR ozone products for more than a decade.
• Combined UV+IR ozone products from GEO-UVN and GEO-TIR aboard Sentinel 4 (Ingmann et al, 2012 Atm. 

Env.)
• Sentinel 5p (TROPOMI) will provide column CO and CH4.
• OCO-2+AIRS, GOSAT II (IR+NIR) could provide vertical discrimination.

• GEO
• TEMPO, Sentinel-4, and GEMS, would provide high spatio-temporal air quality information.
• GeoCarb and G3E could provide geo-carbon information.
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Conclusions
• A CEOS-VC can be harnessed to relate climate forcing to 

emissions.
• Natural variability, trends, and feedbacks will modulate 

that relationship on multiple spatial and temporal scales. 
• Tropics must be sufficiently sampled.
• CO2 alone is not enough to interpret variability

• CO, SIF, and other measurements must be integrated.
• The spatial pattern of extremes needs to be considered

• Potential of geostationary sounders needs to 
quantified. 
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Largest CO2 Growth Rate in 50 years

3.05 ppm yr-1 (2015)
2.93 ppm yr-1 (1998)

2015 had the highest atmospheric growth record in the Mauna Loa record, beating out the 
1998 growth rate.

Growth rate was 50% higher than the previous year but anthropogenic emissions were 
roughly the same.

What were the spatial drivers of this growth rate?  How are they related to climate forcing?



Orbital Carbon Observatory (OCO-2)
Collect spectra of CO
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Launched in June, 2014 into an afternoon, polar sun-

synchronous orbit as part of the NASA “A-Train” 

constellation, OCO-2 provides dry-column mole fraction 

CO2 (XCO2). 

Compared to TCCON, median differences are less than 0.5 

ppm and RMS differences typically below 1.5 ppm (Wunch et 

al, 2016 AMTD)

1.29x2.25-km footprint; eight 
cross-track footprints create a 
swath width of 10.3 km

16 day repeat cycle
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Respiration: combustion

Measurements of Pollution in the Atmosphere

• Carbon monoxide is a by-
product of incomplete 
combustion. 

• MOPITT provides CO 
verticals with near surface 
sensitivity.

• CMS-Flux estimates CO from 
MOPITT and converts to CO2

• CO2 from biomass burning is calculated 
from CO/CO2 ratios (Andreae and 
Merlet, GBC, 2001)

• Emission factors are a function of dry 
mass (given) and burning efficiency, 
which is a function of plant function type.

Emission factors
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• The relative differences between OCO-2 XCO2 and GOSAT XCO2 were 
negligible when both were compared to XCO2 from Total Carbon 
Column Observing Network 

Do 2015 OCO-2 and 2011 GOSAT have relative 
bias?
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Contributions from CMS-Flux
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To access additional layout options:

Click on “Home Tab,” then click on the downward arrow next to the 
“New Slide” icon located on the left corner of the menu bar.
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