
THE ROLE OF FORESTS IN CLIMATE 
TODAY AND TOMORROW

Philip B. Duffy 
President and Executive Director 
Woods Hole Research Center



Outline

The need for large-scale removal of CO2 
from the atmosphere. 

The potential for biological storage of CO2: 
more than you might think. 

Effects of healthy forests on regional climate.



GHG emissions from Arctic permafrost 
motivate biological sequestration of carbon



Remaining emissions      
(all sources): 
2º goal:    240 GtC 
1.5º goal: 100 GtC

Current emissions: 10 GtC / yr



These dynamic models also simultaneously assess the countering influence
of plant carbon uptake, which may in part offset permafrost carbon release.
Warmer temperatures, longer growing seasons, elevated CO2, and increased
nutrients released from decomposing organic carbon may all stimulate plant
growth58. New carbon can be stored in larger plant biomass or deposited
into surface soils59. A previous generation of Earth system models that did
not include permafrost carbon mechanisms but did simulate changes in
plant carbon uptake estimated that the vegetation carbon pool could increase
by 17 6 8 Pg carbon by 2100, with increased plant growth also contributing
to new soil carbon accumulation of similar magnitude60. The models
reviewed here that do include permafrost carbon mechanisms (as well
as many of the mechanisms that stimulate plant growth that were used in
the previous generation of models) generally indicate that increased plant
carbon uptake will more than offset soil carbon emissions from the per-
mafrost region for several decades as climate becomes warmer45,46,48. Over
longer timescales and with continued warming, however, microbial
release of carbon overwhelms the capacity for plant carbon uptake, lead-
ing to net carbon emissions from permafrost ecosystems to the atmo-
sphere. Modelled carbon emissions projected under various warming
scenarios translate into a range of 0.13–0.27 uC additional global warming
by 2100 and up to 0.42 uC by 2300, but currently remain one of the least
constrained biospheric feedbacks to climate1.

Abrupt permafrost thaw
Recent progress towards predicting change in permafrost carbon dynamics
focuses mostly on gradual top-down thawing of permafrost. However, increas-
ing evidence from the permafrost zone suggests that abrupt permafrost thaw
may be the norm for many parts of the Arctic landscape17,18,61,62 (Fig. 4).
Abrupt permafrost thaw occurs when warming melts ground ice, causing
the land surface to collapse into the volume previously occupied by ice.
This process, called thermokarst, alters surface hydrology. Water is attracted
towards collapse areas, and pooling or flowing water in turn causes more
localized thawing and even mass erosion. Owing to these localized feedbacks
that can thaw through tens of metres of permafrost across a hillslope within
only a few years, permafrost thaw occurs much more rapidly than would be
predicted from changes in air temperature alone. This raises the question
of whether key complexity is missing from large-scale model projections
that are based on first approximations of permafrost dynamics.

Abrupt thaw occurs only at point locations but often causes much deeper
permafrost thaw to occur more rapidly. This is in contrast to top-down
thawing, which occurs across the entire landscape but affects only the perma-
frost surface. New regional research is beginning to reveal that a large fraction
of permafrost carbon is vulnerable to abrupt thaw. For example, since the

end of the last Ice Age, thermokarst thaw-lake cycles have affected 70% of
the yedoma permafrost deposits in Siberian lowlands17. These cycles occur
when abrupt permafrost thaw forms lakes that can drain over time, allowing
sediments and carbon to refreeze into permafrost, while elsewhere new
thaw lakes form and repeat this cyclic process (Fig. 4a, c). Abrupt thaw in
upland regions, where water does not generally pool and form lakes, often
creates gullies and slump features that can erode permafrost carbon into
streams, rivers and lakes (Fig. 4b, d). These thaw features can also be wide-
spread but are not as well recognized as are thaw lakes; over 7,500 upland
thaw features were mapped within a 1,700-square-kilometre foothill region
of Alaskan tundra49. Studies such as these illustrate a widespread influence
of abrupt thaw in both upland and lowland permafrost landscapes, even
though they do not provide a chronology of change.

Climate change is expected to increase the initiation and expansion of
abrupt thaw features, potentially changing the rate of this historic disturbance
cycle62–65. Wetland expansion due to abrupt thaw has affected 10% of a
peatland landscape in northwestern Canada since the 1970s, with the fastest
expansion occurring in the past decade66. Landscape lake cover is also affected
by abrupt thaw, with net change being the sum of both lake expansion and
drainage. The area of small open-water features around Prudhoe Bay on
the Alaskan tundra has doubled since 1990 (ref. 67). In northwestern
Alaska, lake initiation has increased since 1950, while lake expansion rates
remained steady68. In general, landscape lake cover is currently believed to
be stable or increasing within the continuous permafrost zone, whereas
there is a tendency for lake drainage and vegetation infilling to dominate
over lake expansion in the discontinuous permafrost zone68–72.

Abrupt thaw influences carbon emissions to the atmosphere by exposing
previously frozen carbon to microbial processes, and also by altering the
hydrology that is critical for determining the balance of CO2 and CH4

emissions. Some of the highest CH4 emissions in the permafrost region
have been observed in lakes and wetlands formed through abrupt thaw40,73.
At the same time, accumulation of new carbon under anaerobic conditions
in peat74 and in lake sediments18 can be greater than permafrost carbon
losses, at least in some ecosystems. In this way, anaerobic environments
replace freezing temperatures as a mechanism for soil carbon stabilization,
keeping greenhouse gas emissions lower than they would otherwise be75.
In contrast, abrupt thaw processes in other landscapes clearly accelerate
carbon loss. Drained lakes and lowered water tables will expose previously
waterlogged carbon to microbial decomposition in aerobic conditions
with relatively higher rates of carbon emissions. Also, lateral movement
of permafrost carbon by leaching or erosion into lakes, rivers and the
ocean76–78 can increase loss, as carbon may be more readily mineralized
through microbial and photochemical processes after mobilization79,80.
How carbon cycling at the landscape scale will change under a warming
climate will depend critically on how much of the landscape becomes wetter
or drier, a question difficult to answer. It is clear that abrupt thaw is an
important mechanism of rapid permafrost degradation, with widespread
but varying influences on hydrology and carbon cycling. Yet abrupt thaw
is not included in large-scale models, suggesting that important landscape
transformations are not currently being considered in forecasts of permafrost
carbon–climate feedbacks. This is in part due to the fact that we do not know
at this stage what the relative importance of abrupt to gradual thaw across
the landscape is likely to be.

Subsea carbon emissions
A majority of the observations and all of the modelling to date has focused
on potential emissions from permafrost carbon on land. This is in part
because subsea permafrost is buffered from recent climate change by the
overlying ocean, and because ocean incursion at the end of the Ice Age has
already been thawing and potentially reducing the pool of permafrost carbon
under the sea. However, aside from organic carbon stored in permafrost,
the sea bed underlying Arctic shelves also accumulated fossil CH4 stored
either as free CH4 gas or as clathrates (CH4-ice lattices that are stable at
pressures and temperatures found at depth in this region). Layers of perma-
frost may serve as a physical barrier to the release of this CH4 gas from the
sediment into the water column and eventually the atmosphere. These
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Figure 3 | Model estimates of potential cumulative carbon release from
thawing permafrost by 2100, 2200, and 2300. All estimates except those of
refs 50 and 46 are based on RCP 8.5 or its equivalent in the AR4 (ref. 97), the A2
scenario. Error bars show uncertainties for each estimate that are based on an
ensemble of simulations assuming different warming rates for each scenario
and different amounts of initial frozen carbon in permafrost. The vertical
dashed line shows the mean of all models under the current warming trajectory
by 2100.
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GHG emissions from Arctic permafrost 
motivate biological sequestration carbon

Cumulative emissions GtC
“under current warming trajectory”

Mean:  90 GtC emitted by 2100

Source: Schuur et al Nature 2015



Remaining emissions 
(fossil fuels + land use): 
2º goal:    190 GtC 
1.5º goal:   50 GtC

(assuming	aggressive	reductions	in	fossil	fuel	use)

My interpretation:  
2º difficult, 1.5º impossible 

without massive CO2 removal



What if we could remove     
150 GtC from the atmosphere?



Remaining emissions: 
2º goal:    340 GtC 
1.5º goal: 200 GtC 

(if 150 GtC absorbed by    
tropical forests)



Nature	Climate	Change	Dec.,	2015	
Peer-reviewed	commentary		
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Caveats

• This	makes	idealized	assumptions:	

• no	more	deforestation	

• aggressive	reforestation	

• There	are	massive	economic	barriers	to	actually	

achieving	this.	

• The	ability	of	forests	to	soak	up	carbon	declines	

quickly	(decades),	and	then	stops.

Even so, the potential gain is enough that  
this should be a tool in the toolkit



Forests	stabilize	regional	climate	

Deforested areas have: 
- higher temperatures 
- less precipitation 
- higher proportion of runoff

A healthy tropical forest
Site of a former 

 healthy tropical forest

The edge of a tropical forest



IPAM 15

Janeiro	2015

Deforestation	increases	

regional	temperature	
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Parting	shot:	

Forest	biofuels	aren’t	“carbon-neutral”

Climate influence of forest biofuel compared to that of CO2

(Would be zero if carbon neutral)
Source: Cherubini et al. Scientific Reports, 2016

Global Mean: 0.5



“Policy decisions made in the next few years to 
decades will have profound impacts on global climate, 
ecosystems and human societies — not just for this 
century, but for the next ten millennia and beyond.”

P. Clark et al. Nature Climate Change, Feb. 8, 2016




