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INTRODUCTION 
This project documents both the existing value and potential of New England’s working forest 
lands: Value – not only in terms of business opportunities, jobs and income – but also 
nonfinancial values, such as enhanced wildlife populations, recreation opportunities and a 
healthful environment. This project of the New England Forestry Foundation (NEFF) is aimed at 
enhancing the contribution the region’s forests can make to sustainability, and is intended to 
complement other efforts aimed at not only conserving New England’s forests, but also 
enhancing New England’s agriculture and fisheries.  

New England’s forests have sustained the six-state region since colonial settlement. They have 
provided the wood for buildings, fuel to heat them, the fiber for papermaking, the lumber for 
ships, furniture, boxes and barrels and so much more. As Arizona is defined by its desert 
landscapes and Iowa by its farms, New England is defined by its forests. These forests provide a 
wide range of products beyond timber, including maple syrup; balsam fir tips for holiday 
decorations; paper birch bark for crafts; edibles such as berries, mushrooms and fiddleheads; and 
curatives made from medicinal plants. They are the home to diverse and abundant wildlife. They 
are the backdrop for hunting, fishing, hiking, skiing and camping. They also provide other 
important benefits that we take for granted, including clean air, potable water and carbon storage. 
In addition to tangible benefits that can be measured in board feet or cords, or miles of hiking 
trails, forests have been shown to be important to both physical and mental health. 

Beyond their existing contributions, New England’s forests have unrealized potential. For 
example, habitats for a wide variety of wildlife species could be enhanced by thoughtful forest 
management. Likewise, the quantity of wood produced could be increased and the quality 
improved through sustainable forest management. The virtues of improved forest management 
and buying locally produced goods are widely extolled, but what might that actually look like on 
the ground? More specifically, how could enhanced forest management make more locally 
produced forest products available to meet New Englander’s own needs, as well as for export, 
improve the local and regional economies and provide the greatest social and environmental 
benefits? 

The purpose of this project is to document that potential by analyzing what we know about how 
improved silviculture can enhance wildlife habitat, the quantity and quality of timber, 
recreational opportunities and the environment. The best available data from the US Forest 
Service, state forestry agencies and universities was used to characterize this potential. 

The technical reports produced for this project document the potential for:  

• Mitigating climate change and ameliorating its effects;  

• Increasing timber production to support a more robust forest products industry;  

• Restoring important wildlife habitat; 

• Replacing fossil fuels with wood to produce thermal energy; 

• Reducing greenhouse gas emissions, not only by substituting wood for other fuels, but 
also wood for other construction materials; 
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• Enhancing forest recreation opportunities and related tourism; 

• Expanding production of nontimber forest products; 

• Maintaining other forest values such as their role in providing clean air and potable water 
– taken for granted but not guaranteed;  

• Enhancing the region’s economy by meeting more of our own needs with New England 
products and retaining more of the region’s wealth within the New England economy; 
and 

• Other related topics. 

These technical reports are viewed as “works in progress” because we invite each reader to bring 
their own contributions to this long term effort of protecting, managing and enhancing New 
England’s forests. The entire set may be viewed at www.newenglandforestry.org. If you have 
suggested improvements please contact the New England Forestry Foundation to share your 
thoughts. These technical reports were used as the background to prepare a summary – New 
England Forests: The Path to Sustainability, which was released on June 5, 2014.  

If you are not familiar with NEFF's work please visit www.newenglandforestry.org. Not already 
a member? Please consider joining NEFF – https://41820.thankyou4caring.org. 

New England Forestry Foundation 
32 Foster Street, PO Box 1346 

Littleton, MA 01460 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

The New England Forestry Foundation is a recognized leader in conserving working forests, 
educating the public about forestry, and assisting landowners in the long-term protection and 
stewardship of their properties. For almost 70 years, we have demonstrated that well-managed working 
forests can provide landowners and the community with the prime ingredients for healthy living: clean 
air and water, sustainable production of an array of forest products, healthy forests for hiking and 
relaxation, a diversity of wildlife and habitats, periodic income, and renewable natural resources that 
help support rural economies. 

Our Mission -- At the core of New England Forestry Foundation’s work stands the belief that both 
conserving forestland and practicing sustainable forestry are essential to preserving the beauty, 
prosperity, wildlife habitats, and unique character of our region for future generations. Our approach 
strives to serve and unite people and organizations across the region to support the long-term health of 
New England’s forests, and to guarantee their continued environmental, recreational, and economic 
benefits for all New Englanders. 

This mission encompasses: 

• Educating landowners, foresters, forest products industries, and the general public about the 
benefits of forest stewardship and multi-generational forestland planning. 

• Permanently protecting forests through gifts and acquisitions of land for the benefit of future 
generations. 

• Actively managing Foundation lands as demonstration and educational forests. 

• Conservation, through sustainable yield forestry, of a working landscape that supports 
economic welfare and quality of life. 

• Supporting the development and implementation of forest policy and forest practices that 
encourage and sustain private ownership. 
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PROTECT US FROM CLIMATE CHANGE 
 

by R. Alec Giffen, Frank Lowenstein and Craig Ten Broeck 
 
This report on the role of forests in ameliorating the effects of climate change (commonly 
referred to as climate adaptation) and reducing the extent of climate change (commonly referred 
to as climate mitigation) is part of a larger project on the potential of New England’s forest lands 
to provide societal benefits and ecosystem services coordinated by R. Alec Giffen for the New 
England Forestry Foundation. Component parts of the larger effort include the following: 

1. KEEP NEW ENGLAND FORESTED: Assessing the Current Conservation Status of New 
England’s Forests by Jerry A Bley 

2. GIVE WILDLIFE HOMES: Potential of New England’s Working Forests as Wildlife 
Habitat by Jerry A. Bley 

3. PROVIDE MORE RECREATION: Forest Recreation Trends and Opportunities in New 
England: Implications for Recreationists, Outdoor Recreation Businesses, Forest Land 
Owners and Policy Makers by Craig Ten Broeck and Aaron Paul 

4. PROTECT US FROM CLIMATE CHANGE by R. Alec Giffen, Frank Lowenstein and Craig 
Ten Broeck 

5. CLEAN AND COOL THE AIR: Forest Influence on Air Quality in New England: Present 
and Potential Value by Aaron Paul 

6. PURIFY OUR WATER: The Potential for Clean Water from New England Forests by Aaron 
Paul 

7. GROW MORE WOOD: The Potential of New England’s Working Forests to Produce Wood 
by R. Alec Giffen, Craig Ten Broeck and Lloyd Irland 

8. CREATE LOCAL JOBS: Vision for New England’s Wood-Based Industries in 2060 by 
Innovative Natural Resource Solutions, LLC and The Irland Group 

9. CULTIVATE NEW BUSINESSES: New England’s Nontimber Forest Products: Practices 
and Prospects by Craig Ten Broeck 

10. PROVIDE MORE WOOD FOR BUILDINGS: The Greenhouse Gas Benefits of Substituting 
Wood for Other Construction Materials in New England by Ann Gosline 

11. REDUCE USE OF FOREIGN OIL: The Potential for Wood to Displace Fossil Fuels in New 
England by Innovative Natural Resource Solutions, LLC 

12. GROW AS MUCH AS WE USE: Production versus Consumption of Wood Products in New 
England by Craig Ten Broeck 
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A. Acknowledgements 

The authors of this report want to gratefully thank all of the researchers, organizations and 
agencies of government whose work has been relied on to write this report. Without their 
professional diligence we would not have been able to prepare this overview of the effects of 
climate change on New England, its people and its forests. We claim no original research on our 
part in its preparation, but rather have tried to synthesize their work into a coherent overview.  

B. Executive Summary 

Climate change is already causing changes in temperatures, precipitation, floods and droughts on 
global, national and regional scales. The National Climate Assessment foresees these changes 
continuing and intensifying driven largely by the amount of greenhouse gases (GHG) emitted 
into the atmosphere. These changes are expected to impact New England significantly. For 
example, there will be more very hot days. The number of days rated by the National Weather 
Service as being at the “extreme caution” level (90°F) is expected to occur with greater 
frequency, especially throughout southern New England and coastal Maine by 2090 where the 
number of days in the “extreme caution” range are expected to triple over 1990 levels. Other 
areas of northern New England that historically have not experienced such extreme heat may be 
subjected to 20-30 sweltering days per year. 

This report by the New England Forestry Foundation on climate change documents the 
significant role that forests can play in both: 

• Ameliorating the adverse impacts of climate change, e.g., reducing high temperatures in 
urban environments; and 
 

• Mitigating the effects of climate change, e.g., reducing greenhouse gas levels by 
sequestering CO2.  

Research shows forests can ameliorate the adverse effect of climate change in a number of ways. 
Temperatures on calm clear nights in urban areas can be as much as 22°F (12°C) hotter than 
surrounding areas. This temperature differential is caused by the heat island effect of urban 
infrastructure. However, urban parks, depending on their size, can reduce air temperatures 
significantly and these effects can extend downwind over 600 feet into the city. 

Forests can reduce high temperatures over a large area through the cooling effect of 
evapotranspiration. The shade from urban trees reduces fugitive emissions from parked cars and 
hence tropospheric ozone (a GHG). Forests can also increase water infiltration into the soils 
thereby reducing localized stream flooding and augmenting flows during periods of low 
precipitation. 

Forests also afford a multitude of opportunities to mitigate climate change, including carbon 
sequestration. Oliver, et al. (2014) contend that using more of the wood we already grow and 
substituting it for other construction materials could reduce global annual GHG emissions by 14-
31%. Even if this ambitious reduction is not fully realized, it is clear that using wood to replace 
other construction materials, like steel and concrete with higher embodied energy, could have 
significant climate benefits. 
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“An integrated assessment of forest 
influences entails an evaluation 
beyond albedo, evapotranspiration, 
and carbon to include other 
greenhouse gases, biogenic aerosols, 
and reactive gases. The 
interrelatedness of climate change 
science, climate impacts on 
ecosystems, and climate change 
mitigation policy requires that these be 
studied together in an interdisciplinary 
framework to craft strong science in 
the service of humankind” (Bonan 
2008, p. 1449). 

 

 

A thorough analysis by Matthews, et al. (2014) compare the GHG emissions from wood versus 
alternative construction materials, and concluded that over a 20-year period using wood for sawn 
wood products and the residuals for energy could reduce emissions by up to 30 MtCO2e per 
hectare per year when compared to the alternatives. Further, they calculated that these reductions 
were greater than those that would be realized by either leaving the forest unharvested or only 
burning the wood for energy. 

New engineered wood products, such as cross laminated timber, now allow multi-story buildings 
to be built entirely or more substantially with wood. This provides a two-fold reduction in 
climate change – the avoidance of the carbon pollution caused by other more energy intensive 
building materials such as concrete and steel and resulting in the storage of more carbon in the 
wood for the long-term. The material for these products can be produced sustainably by 
substantially increasing the growth in New England forests (potentially doubling growth) 
through more intensive management for current species. It is also possible to favor species such 
as oak, hickory and pine that will expand further northward as the climate warms. See the report 
“Grow More Wood” in the “Path to Sustainability” (a series of technical reports available at 
http://newenglandforestry.org/connect/publications/path-to-sustainability/).  

This report also documents that forests can influence global climate in many ways beyond 
merely sequestering carbon. There are over 30 forest influences on climate that can be organized 
into three categories: 1) Forest and Urban Tree Functions, e.g., reflecting and absorbing 
incoming solar radiation, and oxidizing methane (a potent GHG); 2) Forest and Urban Tree 
Management, e.g., harvesting and transporting wood products; and 3) Forest Products and Uses, 
e.g., reducing CO2 emissions by substituting wood for other construction materials and burning 
certain sources of biomass rather than fossil fuels. 

In addition, it is apparent that under some circumstances 
certain of these influences either collectively or 
individually may be more important than carbon 
sequestration. This means that in order to understand 
accurately and implement effective policy and 
management, we must understand the “net effects” of 
several influences. 

While it is obvious that New England’s forests cannot by 
themselves fully mitigate global climate change or even 
ameliorate all of the regional impacts that are likely to 
occur, they could, along with the region’s intellectual 
capital working on this issue, serve as a site for case 
studies that enable us to determine: 

1. How to maximize the climate benefits of forests (maximize net benefits); 
2. How to increase forest resilience; and 
3. How to facilitate forest adaptation to species that will be favored by a warming climate. 
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It is imperative that we get underway with this research soon if we are to lead the way for other 
regions and initiate policies and practices that will take full advantage of New England’s forests 
to ameliorate and mitigate climate change. 

Existing tools, such as the latest atmospheric models, may be useful to explore some of these 
questions, and it is likely that new modeling tools will also be needed. This will be a fertile area 
for research (for an outline of the research concepts, see Attachments 4 and 5 in this report). The 
lives, livelihoods and wellbeing of New Englanders could depend upon the development of 
effective strategies to mitigate climate change and ameliorate its effects. It will take time to 
develop the necessary climate research tools and to employ them to find answers to challenging 
and complex questions about our changing climate. We are fortunate to have the Woods Hole 
Research Center, a world leader on this topic, and the Clean Air Task Force as partners in this 
enterprise.  

Actions We Can Take Now! 

Finally, despite the need for additional research, there are steps we can take now to capitalize on 
the opportunities New England’s forests offer to: 1) ameliorate and 2) mitigate climate change, 
as well as 3) facilitate the adaption of forests to future climate conditions, so that they can 
ameliorate and mitigate climate change in the future. That is, for example, because we 
understand their consequences, we can with confidence take the following actions: 

Ameliorate Climate Change  

• Increase use of urban trees to shade buildings to reduce ground level air temperatures and 
thereby reduce emissions associated with air conditioning and block winter winds to 
reduce emissions from heating.  

• Maintain and expand urban parks to provide cooling benefits downwind into surrounding 
residential areas. 

Mitigate Climate Change Now 

• Keep New England’s forests as forests – not only to store carbon but also to reduce 
emissions of N2O. 

• Restore management for longer rotation ages to increase the oxidation of methane (many 
actively managed areas are now managed for shorter rotation ages than they were 
historically).  

• Favor tree species best suited to grow valuable products (particularly those suitable for 
long-lived wood products) under future climatic conditions. 

• Substitute wood in construction for other materials with higher life cycle greenhouse gas 
emissions. 

• Productively use trees that are dead or will die in the next few decades, so that the carbon 
contained in them can be used in ways that most effectively reduce greenhouse gas 
emissions. 
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The New England Forestry Foundation developed 
this report to inform governments, landowners 
and the public that: 
• Forests will influence the extent of future climate 

change in several ways – they do far more than 
just store carbon, they influence the reflectance of 
the earth’s surface and the formation of clouds 
which can exert a cooling effect on the earth. 

• Forests ameliorate the effects of climate change 
by shading and cooling our cities and towns, and 
stabilizing and moderating storm water flows. 

• Improved management of New England’s forests 
could enhance all of these benefits. 

• New England’s forest could be used as the test 
case to determine how to optimize these benefits. 
New Englanders and New England’s forests offer 
several advantages: 
 History of innovation in forest conservation 
 Tradition of management 
 Resilience – many species and physiographic 

settings 
 Knowledge base 
 Intellectual capital and strong interest 

Facilitate the Adaptation of Forests to Future Climate Conditions (Adaptation is needed to 
allow forests to both amelioration and mitigation climate change in the future.) 

• Thin stands to improve growth on trees targeted for management and to make them more 
resilient to climate change; and harvest trees that would otherwise die. 

• Maintain the “connectivity” between forest areas (particularly along high elevation areas 
and the north/south axis) in the Northern Appalachian/Acadian Forest to allow for species 
migration over time. 

In summary, New England’s forests provide options to ameliorate, mitigate and adapt to climate 
change. They in turn will be strongly influenced by the actions we choose to take. If forests are 
managed to optimize climate benefits, considering the full range of forest-climate systems 
interactions without adverse climate impacts (e.g. displacing agriculture to a region where it 
results in greater radiative forcing), they could contribute to what Garman, et al. (2014) referred 
to as “climate remediation.” This would be an example of employing techniques to improve our 
circumstances rather than simply avoiding making them worse. This can be thought of as 
“green” geoengineering that has multiple benefits without the risks that other more extreme 
geoengineering approaches could entail. This effort should include expanded urban and 
agroforests, as well as wildland forests. 

C. Purpose of this Report 

Scientists recognize that greenhouse gases 
generated by burning fossil fuels as well as 
other human activities are the primary cause of 
climate change. Natural variations in climate 
have been found in the geologic record, but 
occur slowly over thousands of years. Human 
induced changes are being seen and felt in less 
than 100 years. The impacts of anthropogenic 
climate change being seen now will continue 
for the New England region for the rest of this 
century and well beyond. While the extent of 
change will depend on governmental and 
societal decisions worldwide that control the 
amount of greenhouse gases emitted, trends 
point to hotter summers, shorter winters, longer 
growing seasons, more frequent and extreme 
heavy precipitation events, more severe 
flooding, increased evapotranspiration, and 
even periods of increased seasonal drought or 
aridity. These changes will affect human health 
and well-being as well as ecosystems—including forests which are the subject of this report. 
These impacts could also have major consequences for our regional economy.  
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The available climate models lack the accuracy and resolution to fully, completely, and with 
certainty account for all the complexities of the climate system, particularly at the regional level 
and in the short term. It is not possible at this time to predict with precision the severity and 
timing of these types of impacts within the New England region. This report is not intended to be 
the several authors’ independent assessment of the likely impacts of a changing climate on New 
England. Rather we use as a point of departure for this report the information provided in the 
most recent National Climate Assessment (U.S. Global Change Research Program 2014) and 
more specifically the chapter on the Northeast region of the U.S., which encompasses New 
England. After briefly summarizing information from the most recent National Climate 
Assessment about the likely trends of climate change on the U.S. and in New England we focus 
on the role forests can play in helping society adapt to and mitigate climate change. Additional 
information is included in the attachments on the expected nature of climate change and the 
positive influences forests can have on climate change and human health and well-being. 

D. Overview 

The IPCC Climate Change 2014 Synthesis Report Summary for Policymakers states that: 
“Anthropogenic greenhouse gas emissions have increased since the pre-industrial era, 
driven largely by economic and population growth, and are now higher than ever. This has 
led to atmospheric concentrations of carbon dioxide, methane and nitrous oxide that are 
unprecedented in at least the last 800,000 years. Their effects, together with those of other 
anthropogenic drivers, have been detected throughout the climate system and are 
extremely likely [95% confidence level] to have been the dominant cause of the observed 
warming since the mid-20th century.”  

And, “In recent decades, changes in climate have caused impacts on natural and human 
systems on all continents and across the oceans. Impacts are due to observed climate 
change, irrespective of its cause, indicating the sensitivity of natural and human systems to 
changing climate.” 

The report goes on to say that “Continued emission of greenhouse gases will cause further 
warming and long-lasting changes in all components of the climate system, increasing the 
likelihood of severe, pervasive and irreversible impacts for people and ecosystems. Limiting 
climate change would require substantial and sustained reductions in greenhouse gas 
emissions which, together with adaptation, can limit climate change risks.”  

The report clearly identifies rising concentrations of carbon dioxide and other greenhouse gases 
in the atmosphere as the primary drivers of this change. The increased levels of carbon dioxide in 
the atmosphere are derived primarily from burning of fossil fuels, and to a lesser extent from 
deforestation and degradation of forests and other ecosystems. 

The most recent U.S. EPA greenhouse gas inventory was issued in 2016. It reports that for 2014, 
total U.S. greenhouse gas emissions were 6,870.5 MMT or million metric tons CO2 Eq. Total 
U.S. emissions have increased by 7.4 percent from 1990 to 2014, and emissions increased from 
2013 to 2014 by 1.0 percent (70.5 MMT CO2 Eq.) (see Figure 1 below).  

As the largest source of U.S. greenhouse gas emissions, CO2 from fossil fuel combustion has 
accounted for approximately 76 percent of Global Warming Potential (GWP)-weighted 
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emissions since 1990, and stayed at that same level in 2014. Emissions of CO2 from fossil fuel 
combustion increased at an average annual rate of 0.4 percent from 1990 to 2014. The 
fundamental factors influencing this trend include (1) a generally growing domestic economy 
over the last 25 years, (2) an overall growth in emissions from electricity generation and 
transportation activities, and (3) a general decline in the carbon intensity of fuels combusted for 
energy in recent years by most sectors of the economy (see Figure 2 below). 

Figure 1. U.S. Greenhouse Gas Emissions by Gas (MMT CO2 Eq.) 

 

Source: U.S. EPA (2016). 

 

Figure 2. 2014 CO2 Emissions from Fossil Fuel Combustion by Sector and Fuel Type 
(MMT CO2 Eq.)  

 

Source: U.S. EPA (2016) 
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The Intergovernmental Panel on Climate Change (IPCC) characterizes the drivers of climate 
change and their relative influences in Figure 3. In the figure the effects of radiative forcing (RF) 
of climate are quantified in watts per square meter, as this is most commonly how these impacts 
are measured. Increases in RF warm the climate (on the X axis to the right ‘0’), while decreases 
in RF cool the climate (on the X axis to the left of ‘0’). Forests influences on climate can either 
result in an increase in RF, producing greater warming (e.g., forest cover absorbs more incoming 
solar radiation than grass or most crops thereby causing the surface of the earth to ‘heat up’) or 
decrease RF (e.g., forests oxidize methane – a potent greenhouse gas thereby reducing the 
greenhouse effect). 

Figure 3. Radiative forcing of climate (2007 version) 

 
 Source: IPCC (2007b.). 

 

Both a 2007 and 2014 version of similar graphics are included in this Overview section as the 
2007 version includes a somewhat broader set of factors, e.g. “surface albedo” and “solar 
irradiance”, that were not included in the summary of GHG impacts shown in the graphic from 
2014. Note that the error bars associated with each graph indicate that the influence of some 
factors (such as the gas nitrous oxide -- N2O) have been fairly precisely quantified, while the 
impact of other factors (such as black carbon) are more uncertain. 
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Figure 4. Radiative forcing components (2014 version) 

 
 Source: IPCC (2014). 

 

Despite the uncertainties with global climate modeling,1 weather and climate records show that 
New England has clearly already experienced elevated temperatures and intensified precipitation 
events when compared to historical records (Melillo, et al. 2014). These are not projections 
based on models but actual data recorded over decades. Thus, regardless of the extent of future 
climate change, it is clear that we will need to adapt to the changes in climate that have already 
occurred to protect lives and reduce economic damage from heat waves, intense storms, floods 
and droughts.  

                                                 
1 While the overall trends of a changing climate are clear and effects are already being experienced it is difficult to 
predict the rate and scale of change for any particular region precisely. David Garman and his coauthors (Garman, et 
al. 2014) put it this way, “It is important to also recognize that there is significant uncertainty regarding the pace, 
severity and consequences of the climate change attributable to human activities… There is also uncertainty 
regarding short-term and regional impacts, because the available climate models lack the accuracy and resolution to 
account for the complexities of the climate system.” 
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Figure 5. Observed Northeast temperature change (Note: temperatures are shown in 
Fahrenheit)  

 

The bars on the graphs show the average temperature changes by decade for 1901-2012 
(relative to the 1901-1960 average) for the Northeast region. The far right bar (2000s 
decade) includes 2011 and 2012. The period from 2001 to 2012 was warmer than any 
previous decade.  

Source: Melillo, et al. (2014).  

 

New England’s extensive forests make an important contribution to the region’s ability to reduce 
greenhouse gas levels and stem climate change. They absorb carbon from the atmosphere and 
sequester it in their roots, trunks, branches and bark and contribute to carbon stored in and on the 
soil. Depending on management of the forest and the uses to which forest products are put that 
carbon can be trapped for centuries. Forests also influence climate in many other ways: albedo 
effects (reflectance); production of biological volatile organic compounds; oxidation of methane; 
physical effects; and wood substitution benefits; which are discussed later. Unfortunately, we 
have yet to develop tools that enable us to accurately assess the net effects of these influences, 
when considered comprehensively, as they can be mutually reinforcing or contradictory and 
interact non-linearly in complex ways. It is vitally important that we use the most accurate 
existing tools, and develop new analytical tools where necessary, to enable us to accurately 
assess the net effects of forest influences on climate change so that we have a solid basis for 
climate beneficial forest management and policy. In this regard, it is clear that existing policies 
regarding the use of forests and forest products to reduce climate change are based on 
consideration of only one or two of the more than 20 factors involved; and that even based on the 
few factors considered, those policies can have effects which exacerbate rather than mitigate 
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climate change (e.g., policies which promote harvesting whole trees that are healthy and would 
otherwise persist for decades strictly for use as fuel can add to GHG levels for decades). 

In most, but not all cases, conserving forests as forests is profoundly important to mitigate 
climate change by ensuring that the carbon stored in the roots, trunks, branches and bark of trees 
is not released to the atmosphere. Forests can also provide products which, when used in place of 
more energy-intensive alternatives, can in the near term reduce greenhouse gas levels. Over the 
longer term, if we are successful in decarbonizing our energy system process energy will be 
reduced or eliminated, but long-lived wood products will continue to store carbon. In this way, 
forests can be used for “green” geo-engineering to pump excess carbon out of the atmosphere 
and store it in buildings or other long-lived products. Forests can also ameliorate heat, floods, 
and droughts thereby helping us to adapt to climate change. This report identifies key roles of 
forests in mitigating climate change and ameliorating its effects, thereby helping us to avoid, at 
least to some degree, the adverse consequences. 

E. The National Climate Assessment – 2014 

The authors of this report relied on the National Climate Assessment -- 2014, rather than 
duplicating this extensive effort, as the point of departure for discussing climate change and the 
role of New England’s forests in helping to protect us from its effects.  

The National Climate Assessment documents the impacts of a changing climate on the United 
States and its various regions, including New England. A team of more than 300 experts guided 
by a 60-member Federal Advisory Committee produced the report. It has received extensive 
review by the public, experts, federal agencies and a panel of the National Academy of Sciences. 
For more information see http://nca2014.globalchange.gov/highlights/overview/overview. 

The National Climate Assessment collects, integrates, and assesses observations and research 
from around the country to see what is happening to our climate and to understand how it will 
affect our lives, livelihoods and future. The report also assesses key impacts on all U.S. regions. 
It analyzes the impact of climate change on seven sectors: human health, water, energy, 
transportation, agriculture, forests, and ecosystems – and the interactions among sectors at the 
national level. To read the full report visit: http://nca2014.globalchange.gov/report.  

The essence of the National Climate Assessment team’s findings is that in general the future 
climate will: 

• Be warmer  

• Change patterns of precipitation from those currently existing 

• Be characterized by more extreme weather events, e.g., extreme heat, heavy downpours, 
and seasonal droughts, etc. 

• Challenge the capacity of natural systems to buffer the impacts of extreme events. 

For the northeast they concluded: 

First, as regards current trends: 
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“Between 1895 and 2011, temperatures in the Northeast increased by almost 2˚F 
(0.16˚F per decade), and precipitation increased by approximately five inches, or 
more than 10% (0.4 inches per decade). Coastal flooding has increased due to a 
rise in sea level of approximately 1 foot since 1900. This rate of sea level rise 
exceeds the global average of approximately 8 inches” 
(http://nca2014.globalchange.gov/report/regions/northeast). 

As to the future: 

The degree of warming in the Northeast will be highly dependent on global emissions of 
greenhouse, heat-trapping gases, e.g., the high emissions scenario (A2) used by the National 
Climate Assessment, postulates temperatures above the current annual average at a level between 
4.5ºF to 10ºF by the 2080s, while the lower emissions scenario (B1) projects increases of 3ºF to 
6ºF.  

As to one of the impacts perhaps most commonly associated with climate change, under both 
scenarios the frequency, intensity, and duration of heat waves is expected to increase, with larger 
increases under the higher emissions scenario. 

Figure 6. Projected increases in the number of days over 90oF 

 ] 

 Source: Melillo, et al. (2014).  

Further, the frequency of heavy downpours is projected to continue to increase during this 
century. Seasonal drought risk is also projected to increase in summer and fall as higher 
temperatures lead to greater evaporation and earlier winter and spring snowmelt. 
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More generally, for the Northeast the report has a few key messages summarized here: 

• “Climate Risks to People - Heat waves, coastal flooding, and river flooding will pose a 
growing challenge to the region’s environmental, social, and economic systems. This will 
increase the vulnerability of the region’s residents, especially its most disadvantaged 
populations. 

• Stressed Infrastructure - Infrastructure will be increasingly compromised by climate-
related hazards, including sea level rise, coastal flooding, and intense precipitation 
events. 

• Agriculture and Ecosystem Impacts - Agriculture, fisheries, and ecosystems will be 
increasingly compromised over the next century by climate change impacts including 
seasonal droughts…, adaptive capacity, which varies throughout the region, could be 
overwhelmed by a changing climate.  

• Planning and Adaptation - While a majority of states and a rapidly growing number of 
municipalities have begun to incorporate the risk of climate change into their planning 
activities, implementation of adaptation measures is still at early stages.” 
(http://nca2014.globalchange.gov/report/regions/northeast). 

F. The Benefits of Forests in Ameliorating Effects of Climate 
Change 

Forests play a role in maintaining the health and safety of New England residents. While they 
will not be able to maintain ground-level temperatures or storm intensities at historic levels, they 
can nonetheless ameliorate a portion of the adverse consequences of climate change. Further, 
with climate change these critical roles are likely to increase in importance, and conserving 
forests should be part of region-wide strategies for New Englanders in adapting to the impacts of 
climate change. Forests protect residents from heat waves, flooding and droughts in the 
following ways:  

• Regional Cooling -- through shading and evapotranspiration of moisture that cools and 
increases cloud formation and rain; 

• Moderating Flooding – by storing precipitation; and 

• Increasing Summer Low Stream Flows -- by promoting infiltration and the steady 
release of ground water to streams and rivers.  

Each of these beneficial aspects of forests is considered further in the following three sections.  

1. Local and Regional Cooling 

The frequency of very hot days in the United States has already increased by approximately 50 
percent since the 1950s and even in the last 15 years -- when mean global temperatures have 
increased somewhat more slowly (thought to be a result of absorption and redistribution of heat 
in the oceans) there has been a dramatic increase in the frequency of the hottest days (Figure 7). 
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Figure 7. Time series of temperature anomalies for hot extremes over land (red) and two 
measures of global mean temperature (black, blue) 

 

 Source: Seneviratne, et al. (2014). 
 

This graphic shows how hot “extremes” over land can increase significantly even as mean global 
temperatures rise only modestly. Climate change driven by fossil fuel emissions and 
deforestation, particularly in the tropics, is causing New England, like the rest of the nation, to 
experience rising temperatures and associated cascading impacts (Lowenstein and Girvetz 2014). 
These trends could accentuate impacts already documented in the region, with both elevated 
average temperatures and heat waves becoming more common (Figure 8). As noted earlier, 
considerable uncertainties exist with predicting future conditions particularly in the near term 
and at a regional scale. 
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Figure 8. The effect of increases in (a) mean temperature, and (b) temperature mean and 
variability*, on frequency of extreme temperature days 

 

Arrows designate the percent of area-under-the-curve, beyond the criterion 
temperatures for very cold and very hot. Percentages are approximate only. 

Source: McMichael, et al. (2006). 

 

This graph illustrates that the frequency of both hot and cold extremes of temperature depend on 
both the mean temperature around which variation occurs and the extent of variation. The 
theoretical graph shows how a shift in mean temperature without an increase in variability would 
shift the distribution of temperatures from the green bell curve to the identically shaped red bell 
curve. The percentage of time experiencing extreme heat (areas to the right of the dotted line) 
would increase from 1% to 15%. If both mean temperature and variability increase (shown by 
the blue curve) then the area under the curve above the threshold for extreme heat could increase 
to 25% and the amount of time experiencing extreme cold could also increase! Note also that the 
two scenarios showing increased mean temperature also result in the occurrence of 
unprecedented very hot temperatures (McMichael, et al. 2006). 

The increase in frequency of heat waves may place vulnerable individuals at extreme risk due to 
heat stress. Vulnerable individuals are most commonly found in certain socioeconomic groups 
including the elderly, young children, those living below the poverty level, and in people with 
underlying health issues that compromise their ability to cope with heat stress. Heat stress is the 
primary cause of weather-related deaths worldwide.  

The southern third of the region could face dramatic increases in the number of days of 
dangerous heat indices and has less forest cover to help moderate temperatures than the northern 
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two-thirds (Figure 9). Under these conditions, even healthy young adults could be well advised 
to restrict outdoor activities due to heat stress (Anderson, et al. 2010). 

Figure 9. Number of days per 92-day summer season (June-August) in which the daily heat 
index (HI) maximum is above the National Weather Service “extreme caution” level (90°F) 
for (a) 1990-1999 and (b) 2090-2099. Regions with black dots are ones in which seasonal-
mean daily HI maximum is above “extreme caution” level (90°F). 

  

 Source: Anderson, et al. (2010). 

 

An increase in the frequency of heat waves would be associated with other threats to health, 
including increased concentrations of ground level ozone that is created by temperature-
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influenced chemical reactions. Ozone is likely to reach unhealthy levels on hot sunny days in 
urban environments, but ozone can also be transported long distances by wind. For this reason, 
even rural areas can experience high ozone levels (https://www.epa.gov/ozone-pollution). 

Heat waves could cause cascading impacts to occur. High day time temperatures could 
compromise generating capacity within the electric grid at the same time that demand for air 
conditioning is increasing. For example heat waves in the summer of 2012 caused a shutdown of 
the Millstone nuclear power plant complex in Connecticut when Long Island Sound became too 
warm to be used as a source of cooling water for the plant. Two Midwest electric generating 
plants also cut back—one due to high temperatures in its cooling pond and the other when water 
levels fell below the plant’s intake pipe. Cutbacks in hydroelectric output could also coincide 
with heat waves and seasonal droughts as stream flows and impoundment levels would decrease.  

Heat waves also cause a feedback loop that worsens future global warming. During a heat wave, 
the demand for electricity increases as air conditioning systems work overtime to keep building 
temperatures within comfortable ranges. This causes electric utilities to bring on-line back-up 
power plants, increasing emissions of carbon dioxide to the extent that those plants are fossil 
fueled. While this is not a major factor influencing GHG emissions it has a cumulative impact. 

Since 1980, a number of scientific studies have documented the role of urban and suburban 
development in creating urban heat islands (Arnfield 2003). The heat island effect derives in part 
from the relative absence of vegetation to shade the ground and cool by evapotranspiring 
moisture (to lose water into the atmosphere by evaporation and transpiration). Adding to this 
effect is the heat released from car engines and air conditioning systems. The storage of heat by 
concrete buildings and asphalt streets also contributes to elevated temperatures. To date these 
heat islands often have much larger impacts on average temperatures than does existing human-
induced climate change.  

These effects can be at least partially mitigated by 
retaining and planting more trees in urban and 
suburban areas. Strategically located trees can reduce 
ground level temperatures by shading and evaporative 
cooling – not only making temperatures more 
comfortable, but also reducing the amount of heat 
exhausted from air conditioning. A single well 
positioned tree that effectively shades a building can 
reduce residential air conditioning by 20% or more in 
some settings (Akbari, et al. 2001). Temperatures in 
forested urban settings (e.g., parks and tree lined 
streets) can be up to 10oF cooler than treeless areas 
(Horton and Yohe 2014).  

Other heat island reduction efforts such as creating 
reflective surfaces (roofs and pavement) and green 
roofs have also been shown to be effective in reducing 
urban temperatures and emissions associated with 
cooling. The most effective strategies use a 
combination of aggressive urban forestry—planting 
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more trees, using green roofs and creating reflective surfaces (Rosenzweig, et al. 2006). 

Not only can urban forests shade buildings and thereby reduce ground level air temperature and, 
hence, reduce emissions associated with air conditioning, they can also block winter winds and 
reduce emissions from heating. These beneficial impacts of forests and trees blur the lines 
between mitigation—preventing climate change—and adaptation, that is reducing climate 
change’s undesirable impacts on people and the environment.  

Figure 10. New York Urban Heat Island and Effect of Central Park  

 
 

The loss of forests to urban and suburban development is expected to continue and will 
exacerbate the urban heat island effect. Although the Northeastern U.S. has the second lowest 
amount of developed area per person of any U.S. region (Alig, et al. 2003), developed area is 
expected to increase by nearly 73% over 1997 levels by 2025. Since urban heat island effects are 
increased by size of the urban area (Zhang, et al. 2012) the increase in developed area at the 
expense of New England’s forest would be expected to have a more immediate effect on 
temperature increases than even global climate change, and will interact with global climate 
change in synergistic and damaging ways. 

Similarly, Zhang et al. (2012) used remote sensing data of temperatures and size of urban area in 
the northeastern U. S. to document that larger urban areas have higher urban heat island effects. 
Heat islands occur on the surface and in the atmosphere. On a hot, sunny summer day, the sun 

“Surface 
temperatures in New 
York City on a 
summer’s day show 
the “urban heat 
island,” with 
temperatures in 
populous urban areas 
being approximately 
10°F higher than the 
forested parts of 
Central Park. Dark 
blue reflects the 
colder waters of the 
Hudson and East 
Rivers. (Figure 
source: Center for 
Climate Systems 
Research, Columbia 
University)” (Horton 
and Yohe 2014). 
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can heat dry, exposed urban surfaces, such as roofs and pavement, to temperatures 50–90°F (27–
50°C) hotter than the air, while shaded or moist surfaces—often in more rural surroundings—
remain close to air temperatures. Surface urban heat islands are typically present day and night, 
but tend to be strongest during the day when the sun is shining. (See https://www.epa.gov/heat-
islands/learn-about-heat-islands). In contrast, atmospheric urban heat islands are often weak 
during the late morning and throughout the day and become more pronounced after sunset due to 
the slow release of heat from urban infrastructure. The annual mean air temperature of a city 
with one million people or more can be 1.8–5.4°F (1–3°C) warmer than its surroundings. On a 
clear, calm night, however, the temperature difference can be as much as 22°F (12°C). The urban 
heat island increases exposure to heat stress and potential heat stroke. (For more on urban heat 
islands see https://www.epa.gov/heat-islands/learn-about-heat-islands).  

Green infrastructure, defined as vegetation systems intentionally designed to promote 
environmental quality, can reduce the intensity of heat islands by providing shade and 
evapotranspirational cooling (Livesley et al. 2016). Arnfield (2003) documents empirical 
research showing that urban parks reduce nearby temperatures and air conditioning demand, and 
that the geographic extent of the effect is proportional to the size of the park. Livesley et al. 
(2016) report urban trees are perhaps the most effective and least costly approach to urban heat 
island mitigation and adaptation (Figure 11). The urban heat island also increases energy use for 
building space cooling. Sugawara et al. (2016) describe the cooling benefit of a large park in the 
hot urban environment of Tokyo, Japan. Under calm wind conditions, the cooling benefit of a 
large park generally extended 200 meters downwind into surrounding residential areas. It has 
been demonstrated that the cooling benefit of an urban green space is significantly greater when 
forested than if managed as more open parkland. Furthermore, the cooling effect is influenced 
more by the size of the forested area than its shape and many small, treed urban green spaces will 
not provide the same magnitude of cooling as fewer, but larger, urban green spaces with 
extensive tree cover (Jaganmohan et al. (2016). 

In the next several decades, global warming could combine with urban heat island effects to push 
temperatures in many urban areas into the National Weather Service ‘extreme caution’ range, 
and the surrounding forest may have new value as a refuge providing respite from the heat. 
Regarding impacts at a broader scale, Galós, et al. (2011) used modeling studies to show that 
active afforestation in Hungary could reduce future mean temperature increases due to climate 
change by between 0.3 to 1 degree Celsius for lowland regions and to a lesser extent in 
mountainous areas where forest cover is more ubiquitous. Larger, less fragmented forest patches 
produced greater reductions in average future temperatures. 
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Figure 11. Urban forest ecosystem service and function: at the tree, street, and city scale 

 

 Source: Livesley et al. (2016). 

 

In summary, urban forests can reduce temperatures in urban and suburban areas and in concert 
with green roofs and reflective surfaces result in significant reductions in temperatures, some 
reductions in air pollutants and modest reductions in greenhouse gas emissions. Although the 
evidence is not conclusive, current studies indicate that the forested landscape surrounding New 
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England cities can also help reduce urban heat island intensity, maintain lower regional 
temperatures and provide low cost refuges from the hottest temperatures during heat waves. 
These forest refuges, which can offer significant relief from high temperatures, would continue 
to function even in the face of cascading climate impacts that could incapacitate the electric grid.  

2. Moderating Flooding  

The United States has seen dramatic changes in hydrology over the last 50 years (Melillo, et al. 
2014). Throughout the country more precipitation is falling in the heaviest 1% of all daily events. 
The epicenter of these impacts is the Northeastern US, where the amount of precipitation falling 
in these most intense events has increased by 71%. The heaviest 1% of precipitation events (such 
as intense thunderstorms) are bringing nearly twice as much water to the ground as 50 years ago. 
The region has also experienced a more moderate increase in the total annual amount of 
precipitation, with most parts of New England experiencing something less than a 15% increase. 
While this increase in total annual precipitation may continue, there is less congruence in climate 
models around this possibility. On the other hand, observed increases in extreme precipitation 
are expected to persist.  

With regard to hydrology, climate change impacts interact synergistically with the loss of forest 
land to urban and suburban development. Urbanization increases runoff by reducing infiltration 
of water into soil and speeding the flow of water off the land surface (Depietri, et al. 2012). “Soil 
sealing” due to paving and building footprints in urban cores elevates these impacts to extremes. 
In urban cores with traditional development patterns and nearly continuous impervious surfaces, 
almost all precipitation runs off quickly and cities must devote substantial infrastructure to 
capture and divert storm water. 

Forests by contrast promote infiltration into soils. The leafy canopy intercepts rainfall, where 
some water evaporates back into the atmosphere, and slows the rest from reaching the ground 
surface thereby allowing for gradual infiltration into soils. Falling leaves and branches along 
with herbaceous vegetation decays to create a highly pervious duff layer at the soil surface, 
which facilitates infiltration into soils where openings from roots and animal tunnels allows it to 
filter deeper into the ground and ultimately reach the ground water table (Figure 12). These 
effects result in negligible surface runoff from most forested areas unless precipitation lasts long 
enough to saturate the soil, or if rain falls on frozen forest soils. Under these two conditions 
runoff can reach nearby water bodies by overland flow. 

These properties of forests can reduce runoff from rain events in small storms (Diepietri, et al. 
2012), but are less effective in attenuating large floods in major river basins, which are generally 
driven by extended periods of heavy precipitation at a basin or sub-basin scale. For example, the 
2011 500-year floods in the Mississippi River basin were caused, to great extent, by far-above-
average precipitation throughout much of the Ohio River basin over a period of months.  

The expansion of urban forests as “green” rather than “grey” infrastructure to handle storm water 
flows by infiltrating them into the ground can also help reduce peak flows in developed 
landscapes. These expanded urban forests can also provide a number of other benefits 
concurrently, e.g., shading and evapotranspiration to reduce surface temperatures. 
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Figure 12. Important ways a tree helps with stormwater management 

 

Source: Fazio (2010).  

 

Considering all of the above, the benefits of forests in reducing impacts of intense precipitation 
events are therefore likely to be limited to smaller storm events, smaller watersheds, and 
developed landscapes. 
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3. Increasing Summer Time Stream Flows  

Over the course of a year the region may experience more intense rainfall events and even 
increases in overall precipitation, but it is also possible that it will experience increased seasonal 
droughts during the summer and fall. The reason is that precipitation may be sporadic and 
increases in overall rainfall may be more than offset by rising evapotranspiration due to elevated 
temperatures. On a global scale this is likely to be a common pattern as the impacts of enhanced 
evapotranspiration due to a lengthened growing season and warmer temperatures are expected to 
overwhelm the effects of increases in precipitation, except in a few parts of the world (Girvetz 
and Zganjar 2014). 

In New England the results of studies are mixed. Huntington (2003) expects the same pattern to 
hold for forested watersheds, with a resulting decrease in low-water stream flow, especially in 
the summer. Annual reduction in flow in streams draining forested basins was projected at 11-
13% given a 3 degree Celsius increase in average annual temperature, with much more 
substantial reductions in summer flow (Huntington 2003). Huntington predicted that urban and 
suburban watersheds would experience more dramatic flow reductions due to the reduced 
infiltration associated with impervious surfaces. Similar results were obtained by Vogel, et al. 
(1997) and Anderson, et al. (2010) who project a decrease in soil moisture and associated stream 
base flow throughout all of New England except extreme northern and southern regions (Figure 
13). 

Figure 13. Difference in regional climate model (RCM) summer time soil moisture 

  
 

Source: Anderson, et al. (2010). 

 

However, not all studies point to the same results. Ollinger, et al. (2008) in a series of model 
experiments predicted runoff ranged from no change to a slight decrease, depending on future 
precipitation and assumptions about stomatal response to CO2. One empirical study in the nearby 

Longitude 
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Catskills showed that the increase in evapotranspiration has been overwhelmed by increases in 
precipitation, resulting in increased stream runoff (Burns, et al. 2007). The Catskill study did 
however, show that runoff increased less than precipitation, due to the effects of increased 
evapotranspiration. A historical study focused on the Hubbard Brook research station in New 
Hampshire showed mixed results in terms of low water flows.  

Lower water flows, higher ambient temperatures, and urbanization can also combine to produce 
dramatic increases in stream water temperatures. Water temperatures are increasing in many 
streams and rivers throughout the US. Sujay et al. (2010) analyzed historical records from 40 
sites and found that 20 major streams and rivers have shown statistically significant, long-term 
warming. Annual mean water temperatures increased by 0.009–0.077˚C yr–1, and rates of 
warming were most rapid in, but not confined to, urbanizing areas. Long-term increases in 
stream water temperatures were typically correlated with increases in air temperatures. If stream 
temperatures were to continue to increase at current rates, due to global warming and 
urbanization, this could have important effects on eutrophication, ecosystem processes such as 
biological productivity and stream metabolism, contaminant toxicity, and loss of aquatic 
biodiversity. As a result, there could be dramatic impacts on cold water fisheries in New 
England, including potentially the endangered Atlantic salmon and New England’s nationally 
significant wild brook trout populations.  

In summary, maintaining the region’s forests will have substantial hydrologic benefits. In the 
face of intensifying extreme precipitation events and with the potential for reduced stream base 
flows, the hydrologic benefits of maintaining or increasing forest cover are all the more 
important. By conserving forest cover we can maximize infiltration of precipitation, with the 
potential for reducing flood flows from small events and for increasing storage of water in soils 
and aquifers to sustain sufficient summer base flows for aquatic life and recreational uses. As 
with the temperature amelioration benefits of forests, the dollar value of this service is hard to 
estimate but clearly is large. 

G. Benefits of Forests in Mitigating and Preventing Climate Change 

Given the climate risks to New England’s residents, infrastructure, agriculture and ecosystems it 
is important to consider how forests can mitigate and prevent climate change. Not that New 
England’s forests could by themselves mitigate global climate change, but they can contribute 
and improved understanding of their potential role in New England and could inform efforts 
more broadly. This said, forests influence climate in many ways. The most important of these in 
the New England setting may prove to be: 

• Carbon storage;  
• Albedo effects;  
• Production of biological volatile organic compounds;  
• Oxidation of methane; and 
• Wood substitution benefits.  

See Table 1, which follows, for a more complete list of forest and urban tree influences 
on climate. 
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Table 1. Pathways by which forests and urban trees, forest and urban tree 
management and forest products and uses influence climate* 

(Some influences are beneficial to climate leading to cooling, some are negative leading to 
warming and some can even be a mix of beneficial and negative e.g. forests can both produce 
and oxidize methane.) 

Forest and Urban Tree Functions 

1. Absorbing, storing and emitting CO2 (including 
emissions from forest mortality and wildfires) 

2. Producing and oxidizing CH4 (methane) 
3. Emitting biogenic volatile organic compounds 

(BVOCs) (can affect ozone levels and albedo 
[reflectance] both directly and indirectly) 

4. Affecting NOX, N2O emissions by soils 
5. Absorbing NOX, CO, O3 and SO2 
6. Transpiring H2O 
7. Increasing on-site infiltration of water (runoff control) 

resulting in increased transpiration 
8. Intercepting (dry deposition) gases and particulate 

matter on leaves and branches  
9. Absorbing solar radiation in canopy  
10. Reflecting solar radiation and shading areas beneath 
11. Shading of buildings reducing air conditioning energy 

use  
12. Shading of parking areas and streets reducing fugitive 

emissions from vehicles 
13. Affecting thermal inertia, defined as stored energy 

radiated toward the ground by overstory trees and their 
foliage or can be defined as resistance to change  

14. Affecting air flow (roughness, length and drag) 
15. Emitting black carbon and GHGs (other than CO2) 

from wildfires 

Forest and Urban Tree Management 

1. GHG emissions from silvicultural practices intended to 
improve forests/urban trees 

2. GHG emissions from harvesting and transporting wood 
products 

3. GHG emissions from fertilizing, spraying for 
competition and pest control  

4. GHG emissions from irrigating 
5. GHG emissions from draining soils  

6. Black carbon and GHG emissions from controlled 
burns and burning to dispose of forest and urban wood 
wastes  

7. Reducing greenhouse gas emissions from use of 
fertilizers on agricultural crops by introducing or 
expanding agroforestry 

8. Reducing CO2 emissions from the conversion of forests 
and grasslands to agriculture by introducing or 
expanding agroforestry 

9. GHG emissions from allowing wood wastes to 
decompose on and off site  
(e.g., slash from logging, construction debris and urban 
wood waste) 

10. GHG emissions from managing urban trees (e.g. 
fertilizing, trimming, limbing, removal, etc.) 

Forest Products and Uses 

1. Reducing CO2 emissions by burning certain sources of 
biomass (direct combustion) rather than alternative 
fuels 

2. Reducing CO2 emissions by producing fuels (both 
liquid and gas) from certain sources of biomass rather 
than using fossil fuels 

3. Using carbon capture and storage (CCS) to sequester 
carbon from burning biomass as fuel or to produce 
biofuels 

4. Long-term storage of carbon in lumber and other wood 
products 

5. Reducing CO2 emission by using wood for 
construction, rather than alternative materials 
(including disposal at the end of the product’s useful 
life – reuse, burning or landfills)  

6. GHG emissions of disposing of wood wastes in 
landfills (see further discussion below**) 

7. Reducing CO2 emissions by using wood waste such as 
bark and shavings for mulch rather than alternatives 
such as plastic films

 
* For literature sources and full description of the ways forests influence climate, see "A Distillation of the Many Ways  that 
Forests Influence Climate - Far More than Carbon Sequestration", Giffen, et al. (2013, draft available upon request). The EU 
Joint Research Centre also identifies several, though not all, of these influences in "Carbon Accounting of Forest Bioenergy" 
(Agostini, et al. 2013). 

** Some wood from a variety of sources (construction waste, urban wood waste, etc.) ends up in landfills despite efforts to 
reuse it or burn it as fuel – some researchers have suggested greatly expanding efforts to sequester carbon in landfills, 
belowground or deep ocean storage as a way to remove CO2 from the atmosphere, but at this point these are thought 
experiments. An LCA would be required as it will take energy to transport and bury wood wastes. J. A. Micales and K. E. 
Skog concluded that “The placement of forest products in landfills serves as a significant carbon sink and its importance in 
the global carbon balance should not be overlooked.” See: 
https://www.researchgate.net/publication/257423509_The_Decomposition_of_Forest_Products_in_Landfills  
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These factors can interact in complex ways both positively and negatively to impact climate 
change. To capitalize on the full range of benefits that forests may be able to provide, we need 
analytical methods to accurately assess the synergistic and cumulative effects of forest climate 
influences resulting from particular forest management actions and product use scenarios. 
However, in the New England context, there are still things that appear promising to do now to 
reduce climate change, which we refer to as ‘no regrets actions’. 

1. No Regrets Actions 

While forest climate interactions are complex (much more on this later), based on existing 
knowledge there are things we can undertake now with confidence to tap the potential of forests 
to reduce climate change. Because circumstances vary region to region, this is a New England 
specific list. This list assumes that Best Management Practices and other guidelines for 
sustainability are followed (e.g., maintaining or improving wildlife habitat). 

Actions We Can Take Now! 

Finally, despite the need for additional research, there are steps we can take now to capitalize on 
the opportunities New England’s forests offer to: 1) ameliorate and 2) mitigate climate change, 
as well as 3) facilitate the adaption of forests to future climate conditions, so they can both 
amelioration and mitigation climate change in the future. That is, because we understand their 
consequences, we can with confidence take the following actions: 

Ameliorate Climate Change  

• Increase use of urban trees to shade buildings to reduce ground level air temperatures and 
thereby reduce emissions associated with air conditioning and block winter winds to 
reduce emissions from heating.  

• Utilize ‘green infrastructure’, defined as vegetation systems intentionally designed to 
promote environmental quality, to reduce the intensity of heat islands by providing shade 
and cooling from evapotranspiration, and increase infiltration of precipitation. 

• Maintain and expand urban parks to provide cooling benefits downwind into surrounding 
residential areas. 

Mitigate Climate Change Now 

• Keep New England’s forests as forests – not only to store carbon but also to reduce 
emissions of N2O. 

• Utilize management plans developed by professional foresters to ensure that the forestry 
objectives outlined are realized. 

• Restore management for longer rotation ages to increase the oxidation of methane (many 
actively managed areas are now managed for shorter rotation ages than they were 
historically).  

• Reforest marginal agricultural lands in areas that are not likely to be used for agriculture. 
(Note: Some of these lands could be used for short rotation production of biomass fuels if 
demand warrants it). 

• Minimize soil disturbance during logging, unless needed for intentional regeneration of 
desired species. 
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• Regenerate logged areas as quickly as possible to the desired species. 
• Favor tree species best suited to grow valuable products (particularly those suitable for 

long-lived wood products) under future climatic conditions. 
• Employ intensive management practices on the most productive forest lands to increase 

sustainable production of wood per acre – this will result in storing more carbon on-site 
and will provide more wood for long-lived purposes.  

• Substitute wood in construction for other materials with higher life cycle greenhouse gas 
emissions. 

• Productively use trees that are dead or will die in the next few decades, so that the carbon 
contained in them can be used in ways that most effectively reduce greenhouse gas 
emissions. 

• Prevent and control wildfires (note that controlled burns may be appropriate to create or 
maintain certain habitats). 

• Use limbs and tops from logging, forest manufacturing waste, and urban wood waste for 
biomass fuel, favoring heating and combined heat and power over biomass electrical 
generation. 

• Allow forest waste to naturally decompose onsite when it cannot be used for a climate 
beneficial purpose or when it is needed to maintain desirable site conditions rather than 
burning onsite (attenuates release of CO2, increases soil carbon and reduces black carbon 
emissions).  

Facilitate the Adaptation of Forests to Future Climate Conditions (Adaptation is needed to allow 
forests to both amelioration and mitigation climate change in the future.) 

• Thin stands to improve growth on trees targeted for management and to make them more 
resilient to climate change; and harvest trees that would otherwise die.  

• Manage for species that will be favored by a warming climate (e.g., oak, hickory and 
pine) over much of New England. 

• Create a strategically designed system of reserves to maintain the values of older forests 
and provide ecological benchmarks that can be used to qualify and quantify impacts due 
to a changing climate. 

• Maintain the “connectivity” between forest areas (particularly along high elevation areas 
and the north/south axis) in the Northern Appalachian/Acadian Forest to allow for species 
migration over time. 

New England’s forests provide options to ameliorate, mitigate and adapt to climate change. They 
in turn will be strongly influenced by the actions we choose to take. If forests are managed to 
optimize climate benefits, considering the full range of forest-climate systems interactions 
without adverse climate impacts (e.g. displacing agriculture to a region where it results in greater 
radiative forcing), they could contribute to what Garman, et al. (2014) referred to as “climate 
remediation.” That is employing techniques to improve our circumstances rather than simply 
avoiding making them worse. This can be thought of as “green” geoengineering that has multiple 
benefits without the risks that other more extreme geoengineering approaches could entail. This 
effort should include expanded urban and agroforests, as well as wildland forests. 
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After thinning to reduce mortality 
to reduce mortality and increase 

growth on crop trees Before thinning 

  

 

 

 

 

 

 

 

 

 

 

 

 Source: Jake Maier and the Cole Bros. 

 

2. Beyond These Actions: We Need to Develop Analytical Methods that Can 
Evaluate Multiple Factors 

Before getting into the details of particular influences, while carbon storage is often discussed as 
“the” influence forests can have on climate change, other influences collectively, or in some 
cases individually, may be more important than carbon storage alone in mitigating climate 
change. A simplified view of some of the more important influences is shown in Figure 14. A 
more complete listing and comprehensive description of these influences and their direct and 
indirect effects is shown in Table 1. 
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Figure 14. Forests can mitigate (reduce) climate change in several ways 

 

Source: Alec Giffen, Clean Air Task Force. 

 

Some influences while complex are commonly acknowledged and are fairly well understood. 
This category includes forest carbon storage and ground surface albedo effects. Others are not 
generally recognized, but are reasonably well understood, such as production of biogenic volatile 
organic compounds (BVOCs) and their direct effects on the albedo of the atmosphere. Forest 
influences on the oxidation of methane also appear to be reasonably well understood. Others are 
not generally recognized and we are challenged to understand their effects completely. For 
example, we need to improve our understanding of the effects of BVOCs on cloud formation, 
albedo and blocking infrared emissions from earth. 

Further, forests can influence climate through other mechanisms than those that are the subject of 
study by the natural sciences. For example, and importantly, wood products can substitute for 
other materials that have much higher carbon footprints such as steel and concrete. Also, forest 
management and the use of forest products can influence markets and land use; for example 
reforesting agricultural land here in New England could drive more agricultural clearing in 
tropical forest regions. More on these points follows later. 

Thus, net climate impacts of any particular forest management regime, including preservation, 
are not currently clear given the many pathways for forest influences and the nonlinear 
relationships among them.  

A recent study by Cherubini et al. (2012) underscores the importance of evaluating forest 
influences collectively to determine their net effects. In this study, Cherubini evaluates the 
impact of whole tree forest harvesting specifically for biomass fuel use in northern latitudes 
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where there is snow cover during the winter. The study considers impacts on carbon emissions 
(including fossil fuel emissions avoided) from the use of the wood harvested for fuel and the 
effect of the harvests on albedo. The essence of the study as shown in Figure 15 is that the 
conclusion as to whether or not harvesting biomass for fuel is climate beneficial is different if 
only impacts on carbon is considered as opposed to including both the influences on carbon and 
albedo together. That is, some uses which are not climate beneficial strictly from a carbon 
perspective are beneficial when both albedo and carbon are taken into account. Cherubini et al. 
(2012) state that “Results show the importance of specifically addressing the climate forcings 
from biogenic CO2 fluxes and changes in albedo, especially when biomass is sourced from 
forested areas affected by seasonal snow cover. The climate performance of bioenergy systems is 
highly dependent on biomass species, local climate variables, time horizons, and the climate 
metric considered.” “When compared with fossil fuel-based heat production facilities, most of 
the bioenergy cases outperform fossil fuel systems. For forest-based bioenergy this is due to the 
cooling contributions from albedo changes.” (Cherubini et al. (2012) “On the global scale, the 
albedo effect is found to be the dominant direct biogeophysical climate forcing, particularly in 
areas affected by seasonal snow cover, and can be compared to the effects of GHGs using 
radiative forcing (RF) as a metric basis.” (Cherubini et al. (2012) 
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Figure 15. Direct contributions to global warming of one bioenergy option for stationary 
applications (analysis for a portion of Canada (CA), which includes managed forest wood.) 
(Note that Cherubini et al. considered six options in a more complicated figured, which has been 
simplified for this report.)2  

 

 
Source: Cherubini, et al. 2012. 

  

                                                 
2 Some of the other scenarios analyzed in this study did not show the same results. 

Direct contributions to global 
warming of one bioenergy option for 
stationary applications. GWP 
factors, corrected with the climate 
efficacies of the various forcing 
agents, are used to characterize 
emissions, including biogenic CO2. 
Three time horizons (TH) (20, 100, 
and 500 years) are considered. 
Fossil fuels (coal, oil, and natural 
gas) per MJ of fuel combusted are 
shown to benchmark our results. 
Lower and higher limits of the bands 
for the fossil systems represent the 
impact for TH 500 and TH 20, 
respectively. Abbreviations: Bio CO2 
= biogenic CO2 emissions, i.e. 
emissions from oxidation of biomass 
harvested for bioenergy; upstream 
emissions = emissions from biomass 
losses through the value chain and 
biofuel processing; and direct 
combustion = emissions from 
combustion of biofuels at a plant. 
 
Note: The red line on the bars 
indicates net effect by time horizon. 
Blue bar below zero represents the 
effects of albedo causing net global 
cooling. 
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The Influence of Conversion to 
Agriculture 

As an example of the difference that 
additional carbon storage in forest 
ecosystems could make, Ruddiman 
(2003, 2005, 2013) reports that that 
release of carbon from deforestation 
and emissions from the agriculture 
which followed likely increased 
atmospheric CO2 levels enough to 
forestall an ice age that if it followed 
geologic cycles would have started a 
few thousand years ago. 

Figure 16. Simplified version of direct contributions to global warming of one bioenergy 
option for stationary applications for the 20-Year Time Horizon 

 

Source: Simplified by R. Alec Giffen from Cherubini, et al. (2012). 

 

While this example clearly illustrates the importance of 
evaluating multiple influences simultaneously, it only 
includes 2 out of over 20. 

Adding to the complexity, the numerous forest influences 
on climate interact with one another. Some are 
complementary, while others are contradictory, and the 
nature of these relationships is complex (Figure 17). 

What is needed is both additional analysis of individual 
influences and analysis of the net effects when 
considering a range of the most significant forest 
influences on climate.  
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“An integrated assessment of forest 
influences entails an evaluation beyond 
albedo, evapotranspiration, and carbon to 
include other greenhouse gases, biogenic 
aerosols, and reactive gases. The 
interrelatedness of climate change science, 
climate impacts on ecosystems, and climate 
change mitigation policy requires that these 
be studied together in an interdisciplinary 
framework to craft strong science in the 
service of humankind”  
 
(Bonan 2008, p. 1449). 

Figure 17. The complexity of forest impacts on climate 

 

Source: Clean Air Task Force (2014).  

 

Atmospheric models offer an opportunity to 
analyze these interactions. Only by understanding 
these relationships and net effects of a more 
complete range of influences can we be sure that 
policies and actions are certain to achieve their 
climate mitigation objectives. Analyzing one, or 
even a few forest climate influences in isolation 
can lead to erroneous conclusions. Pursuing 
policies based on those conclusions can, at the 
very least, prove ineffective and has in fact proven 
to be damaging in certain cases.3 (Attachment 2 
explains the reasons to use atmospheric modeling 
to understand these complex interactions.) 
  

                                                 
3 A prime example of this has been the failure to recognize that using biomass for fuel is not always a carbon neutral 
action as it has frequently been presumed to be in policy statements. For further discussion on this see Section 7.b. 
Biomass Fuels. 
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Figure 18. Nested, interactive sets of existing mathematical models provide an opportunity 
to evaluate the net effects of several influences simultaneously 

  

Source: Giffen, R. A. 2015.  

 
Further, the interaction of forest influences at fine, regional and global scales, needs to be 
assessed as effects at any one geographical scale may not be experienced at another. A number 
of prominent climate scientists with an interest in forestry have commented on the need. Gordon 
Bonan from the National Center for Atmospheric Research articulated it as shown in the sidebar 
on the previous page. Alternatively, Kaiguang Zhao and Robert B. Jackson of Duke and Stanford 
put it this way in an article in Ecological Monographs, “A carbon-centric accounting is, in many 
cases, insufficient for climate mitigation policies” (Zhao and Jackson 2013). Anderson, et al. 
(2011), support this view in their article “Biophysical considerations in forestry for climate 
protection.” They summarize their own thoughts as follows: “In a nutshell: 

• Forestry is becoming an important part of both voluntary carbon markets and government 
efforts to mitigate climate change 
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• Forests have biophysical effects that can enhance or counter-act their potential for carbon 
sequestration to reduce climate warming 

• These effects can differ greatly, depending on the spatial scale involved  

• Consideration of both the biogeochemical and biophysical effects of forests is necessary 
when designing projects that maximize climate benefits; only broad best practices can be 
applied at this time, given that the science in support of such an integrated approach is 
still under development.” 

And, further, “In addition to surface biophysics, many forcings and interactions for local land-
use changes, such as changed lapse rate4 and cloud feedbacks5 should be further elucidated for 
quantifying the full range of biophysical forcings” (National Research Council 2005). 

To make sense of all these factors when considering their “net effects,” Woods Hole Research 
Center, a nationally known research institute, located in Falmouth, Massachusetts, with scientists 
investigating the causes and effects of climate change, is working to engage researchers from 
universities and other organizations from around the country in developing a research agenda to 
investigate the “net effects” of different forest influences, management systems and wood use on 
climate and to identify ways to fund the research needed to solidify our understanding of the full 
range of climate services forests can provide. 

While we do not as yet know how to optimize forest management and the use of forest products 
to mitigate climate change, as noted earlier, we do know how some individual forest influences 
could be modified in ways that it appears would benefit climate change.  

Now for more on the specifics for some key individual influences. 

3. Carbon Storage 

Reducing GHG levels and thus future climate change will require decarbonizing our energy 
systems. Conserving existing forests globally, in the United States and in New England is a 

                                                 
4 Lapse rate feedback- The lapse rate is the rate at which atmospheric temperature decreases with an increase in 
altitude in the troposphere. Since emission of infrared radiation varies with temperature, long wave radiation 
escaping to space from the relatively cold upper atmosphere is less than that emitted toward the ground from the 
lower atmosphere. Thus, the strength of the greenhouse effect depends on the atmosphere's rate of temperature 
decrease with height. Both theory and climate models indicate that global warming will reduce the rate of 
temperature decrease with height, producing a negative lapse rate feedback (cooling) that weakens the greenhouse 
effect. Measurements of the rate of temperature change with height are very sensitive to small errors in observations, 
making it difficult to establish whether the models agree with observations. 
https://en.wikipedia.org/wiki/Climate_change_feedback. 
5 Cloud feedback - Cloud feedback is the coupling between cloudiness and surface air temperature where a surface 
air temperature change leads to a change in clouds, which could then amplify or diminish the initial temperature 
perturbation. Warming is expected to change the distribution and type of clouds. Seen from below, clouds emit 
infrared radiation back to the surface, and so exert a warming effect; seen from above, clouds reflect sunlight and 
emit infrared radiation to space, and so exert a cooling effect. Whether the net effect is warming or cooling depends 
on details such as the type and altitude of the cloud. High clouds tend to trap more heat and therefore have a positive 
feedback (warming), low clouds normally reflect more sunlight so they have a negative feedback (cooling). These 
details were poorly observed before the advent of satellite data and are difficult to represent in climate models. 
https://en.wikipedia.org/wiki/Climate_change_feedback. 
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necessary complement. Forests can play an important role in storing not only existing carbon, but 
also in sequestering additional carbon for the long term. 

Figure 19. Different types of forests have varying carbon storage capacities and albedo 
effects 

Note: The (+) and (-) signs indicate warming and cooling effects respectively. Thus 
storing carbon and evapotranspiration cool, while decreasing albedo (reflectance of 
incoming solar radiation) warms. 

Source: Bonan 2008. 

 

The engine behind carbon storage in forest ecosystems is that plants extract carbon dioxide from 
the atmosphere and combine it with water to form carbohydrates and in the process release 
oxygen. Chemical reactions using carbohydrates enable the synthesis of sugars and other carbon 
containing compounds (e.g., proteins and fats). These carbon compounds are used to form 
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various plant tissues. As trees and other plants grow the amount of carbon stored in the plant 
increases.  

Figure 20. Carbon storage and fluxes in forest ecosystems 

 

 

Carbon storage in forest vegetation is reasonably well understood, but as reported in different 
studies uncertainties remain as to the impacts of changes in forests and how that will affect 
carbon stored in forest soils. Over time, forests store immense amounts of carbon. In the U.S. 
forests and forest soils make up 90% of the U.S. carbon sink (USDA 2017). U.S. forests store 
approximately 58 billion tons of carbon (Figure 21 – total amount of carbon in the pie chart 
equals 57.9 billion tons). New England’s forests alone store approximately 2.4 billion tons (Will 
McWilliams, USDA Forest Service pers. comm.).  
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Figure 21. Carbon storage in billions of tons in various components of U.S. forest 
ecosystems (pie diagram) and in various parts of trees (bar diagram) 

 

Source: Birdsey (1992).  
 

Forest litter is composed of leaves, seeds, cones, twigs, branches, whole trees and bark. This 
litter carbon falls on the surface of the ground and enters a large soil carbon pool where it can 
stay for years. These inputs of carbon from litter are largely balanced by decomposition of soil 
organic matter, referred to as soil respiration. This carbon is released back to the atmosphere and 
a small fraction of the carbon annually enters the deep soil as depicted in Figure 22. This small 
fraction of litter carbon along with roots and microorganisms has built up over hundreds and 
thousands of years, which has made the soil underneath forests the largest carbon pool in the 
forest ecosystem, as depicted in Figure 21. 

The amount of litter carbon entering the soil depends on many factors including temperature, 
precipitation, soil moisture, drainage, soil nutrients as well as the quality of litter itself. Rich soils 
provide the nutrients necessary to produce abundant high quality litter while trees on poor soils 
produce less. Seasonality of precipitation can be more important than the total amount that falls. 
Soils saturated with water lack oxygen for decomposition slowing organic matter breakdown. 
The frequency of fires and timber harvests also influence carbon stocks and the accumulation of 
soil carbon. 
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Figure 22. Fate of carbon in litter fall (Shown to depict relative fate of carbon to soils and 
the atmosphere.) 

  

 Source: Based on information in the Global Carbon Cycle diagram, see Figure 23. 

 

Figure 23, the Global Carbon Cycle diagram, shows the carbon pools (in blue) and annual fluxes 
(in red) from both natural systems and human actions including burning fossil fuels, 
deforestation and land use changes. Units (numbers) are shown in Petagrams (Pg) of carbon. A 
Petagram is equal to a gigaton (Gt) (one billion tonnes or 2.2 trillion pounds). Forests annually 
take 122 Petagrams of carbon from the atmosphere and combine the CO2 with water through 
photosynthesis to form organic materials including boles (stems), branches, foliage and roots. As 
shown in Figure 21 boles (stems) store the largest amount of carbon in the trees. Plants like 
humans, also “breathe” out CO2 in a process called respiration, which creates the energy needed 
for plant growth. This plant respiration amounts to 60 Petagrams a year. Some of the organic 
materials produced by trees, such as leaves, seeds and branches as well as whole trees, fall as 
litter to the forest floor. This amounts to an additional 61 Petagrams a year. Through soil 
respiration – 60 Petagrams of carbon is respired back into the atmosphere. 

Terrestrial ecosystems in general appear to be a net sink of about 1-2 Pg/yr of carbon (some 
estimates put this a little higher or lower). Whether this is in vegetation, soils or a combination is 
less certain. This is why carbon cycle diagrams often depict a slight imbalance somewhere in the 
land. (Personal communication, April 3, 2017, Dr. Scott Ollinger, University of New Hampshire, 
Globe Carbon Cycle Project). 
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Figure 23. Global carbon cycle  

 

Source: GLOBE Carbon Cycle Project (2012). An introduction to the global carbon 
cycle. University of New Hampshire, Durham, NH. www.globecarboncycle.unh.edu.  

 

Beyond storing carbon on site, wood from sustainably managed forests (forests managed for the 
full range of ecological, social and economic benefits) can also be used to produce wood 
products, which can store carbon. The USFS has conducted an analysis of how long, on average, 
different types of wood products store carbon that they contain. Products like dimension stock 
used in construction have long storage lives while materials like paper and packaging obviously 
have shorter useful lives. However, even once their initial useful lives are over wood products 
can be reused, burned to displace fossil fuels, or store significant amounts of carbon in landfills. 
Research has shown that the anaerobic conditions (absence of oxygen) in properly designed 
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landfills prevent wood from decomposing and that a large portion of wood and certain papers 
(e.g. ground wood) will last almost indefinitely in landfills.6 

Using wood to replaced other construction materials can reduce GHG levels because the non-
wood alternatives result in greater GHG emissions (for more on this topic, see Section 7. B. 
Biomass Fuels). Wood could be used to remove CO2 from the atmosphere in other ways as well. 
For example, some scientific studies have suggested methods for storing logs underwater or 
underground in anaerobic conditions. Others have suggested that in addition to burning wood to 
displace fossil fuels the CO2 in emissions be captured and injected into geologic storage. 

Thus, forests could be used to “pump” excess carbon out of the atmosphere as a part of “green” 
geo-engineering. This approach could be an alternative to other geoengineering proposals such 
as circling the earth with sun shields to reflect solar energy, seeding the ocean with iron to 
encourage the growth of plankton, or dispersing aerosols in the stratosphere to help reflect solar 
energy, all of which have the potential for unintended consequences. In contrast with many of 
the other mechanisms currently being discussed for geo-engineering we already know how to 
manage forests. In addition, if harvesting is done with forethought and care we know that we can 
benefit other forest values such as wildlife habitat, reduce the risks of catastrophic fires, and 
protect water quality and other forest values.  

The functions of maintaining and enhancing carbon storage are vital in maintaining greenhouse 
gas levels below the levels established by the IPCC in the near term and in the long term. If the 
carbon stored in U.S. forests and carbon from forests in other parts of the world were released in 
any significant degree to the atmosphere (e.g., as a result of extensive insect or disease mortality, 
storms or catastrophic fires or droughts), it would contribute significantly to exceeding the 
IPCC’s specifications for greenhouse gas levels required to keep temperature increases below 
2oC (3.6oF). 

It is possible through more intensive forest management to double production of tree growth (and 
ultimately wood products) thereby significantly increasing carbon sequestration in New England 
forests. We can also more intensively manage not only for current species but favor species such 
as oak, hickory and pine that will expand further northward as the climate warms. (See the report 
“Grow More Wood” in the “Path to Sustainability”, a series of technical reports available at 
http://newenglandforestry.org/connect/publications/path-to-sustainability/). Figure 24 shows that 
forest production can be more than doubled based on actual data from sites in New England. 

 
  

                                                 
7Micales, J. A. and K. E. Skog. (2002). The placement of forest products in landfills serves as a significant carbon 
sink and its importance in global carbon balance should not be overlooked. International Biodeterioration & 
Biodegradation Vol. 39, No. 2–3 (1997) 145–158. 
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Figure 24. Potential to sustainably increase wood production in New England forests 

 

 

The USDA’s Northern Research Station produced a publication on Carbon Sequestration that 
states “Slight changes in forest management practices can improve the ability of forests to store 
carbon while still providing other benefits. Extending the time between harvests, encouraging 
fast-growing species, and fertilization are a few examples of management techniques that could 
be used to improve forest carbon sequestration.” It also emphasizes the importance of forest soils 
in storing carbon, noting that “In fact, northern forests can sequester twice as much carbon in the 
soil than aboveground.” Keeping forests as forests not only maintains their important role in 
carbon storage in trees but also maintains the carbon storage function of the forest soils as well. 
(See https://www.nrs.fs.fed.us/niacs/carbon/forests/carbon_sequestration/) (Accessed March 23, 
2017.) 
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4. Albedo Effects 

The albedo of the earth involves more than just the earth’s surface as aerosols and clouds both 
reflect incoming solar radiation and block outgoing long wave (infrared) radiation (heat loss). 
Clouds in turn are affected by forests both through evapotranspiration and forests’ contribution to 
aerosols that allow water droplets to form in the atmosphere (Kurten, et al. 2003).  

 

Figure 25. Annual average net cloud radiative forcing 

 Source: NASA. 

 

Energy goes back to space from the Earth system in two ways: reflection and emission. Part of the 
solar energy that comes to Earth is reflected back out to space in the same, short wavelengths in which 
it came to Earth. The fraction of solar energy that is reflected back to space is called the albedo. 
Different parts of the Earth have different albedos. For example, ocean surfaces and rain forests have 
low albedos, which means that they reflect only a small portion of the sun's energy. Deserts, ice, and 
clouds, however, have high albedos; they reflect a large portion of the sun's energy. Over the whole 
surface of the Earth, about 30 percent of incoming solar energy is reflected back to space. Because a 
cloud usually has a higher albedo than the surface beneath it, the cloud reflects more shortwave 
radiation back to space than the surface would in the absence of the cloud, thus leaving less solar 
energy available to heat the surface and atmosphere. Hence, this "cloud albedo forcing," taken by itself, 
tends to cause a cooling or "negative forcing" of the Earth's climate. (See: 
http://earthobservatory.nasa.gov/Features/Clouds/ (Accessed 3/5/17)

Annual average net cloud radiative 
forcing determined from 1985 to 1986. 
Net cloud forcing is the result of two 
opposing effects: (1) greenhouse 
heating by clouds (or positive forcing)--
clouds trap heat coming from Earth's 
surface that would otherwise be lost to 
space, and (2) cooling by clouds (or 
negative forcing)--clouds reflect 
incoming solar radiation back to space. 
The relatively large areas where cooling 
is the greatest are represented by 
colors that range from yellow to green 
to blue. In some areas, the effect of the 
clouds is to produce some warming as 
shown by colors that range from orange 
to red to pink. Overall, clouds have 
the effect of lessening the amount of 
heating that would otherwise be 
experienced at Earth's surface (Earth 
Radiation Budget Experiment data on 
the Earth Radiation Budget Satellite 
and the NOAA-9 satellite. Data 
processed at NASA Langley Research 
Center; images produced at the 
University of Washington). Visit: 
http://earthobservatory.nasa.gov/Featur
es/Clouds/clouds6.php  
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In general, trees absorb more incoming solar radiation than grasslands, crops and deserts. 
Absorption is measured as albedo with ‘1’ being complete reflection and ‘0’ complete 
absorption. The albedo effect of trees varies by species and location. In general, softwoods 
absorb more radiation and warm the earth surface more than hardwood trees, particularly in areas 
with winter snow cover where hardwoods typically also lose their leaves. However, even within 
the major types there are variations (e.g., in the New England context most softwoods don’t lose 
their leaves, but larch do). Thus, managing for different species can influence albedo and hence 
global warming. Figure 26 shows that larch has twice as much albedo effect as evergreens during 
the winter months when snow cover is present. Evergreens absorb more radiation thereby 
warming the earth, but larch, because it drops its needles, allows for more reflectance of 
radiation when snow cover is present thereby cooling the earth.  

Figure 26. Deciduous Larch Trees increase Albedo and cooling when compared to other 
Softwoods 

 

 Source: Shuman, et al. (2011).  

 

5. Production of Biological Volatile Organic Compounds 

Biogenic volatile organic compounds (BVOCs) in the form of aerosols play an important role in 
reflecting incoming solar radiation, thereby reducing warming of the atmosphere. This role is 
reasonably well understood. The type and volume of BVOCs produced varies from tree species 
to species. Softwoods typically produce more terpenes while hardwoods produce more isoprenes. 
These in turn vary in their propensity to result in aerosols. Terpenes are reportedly more likely 
than isoprenes to form extremely low volatility organic compounds and hence, contribute to the 
formation of secondary aerosols. Thus, managing for different tree species has the potential to 
influence the volume of aerosols and hence global warming (Giffen 2016, memo to WHRC 
partners [can be provided on request]). BVOCs, along with other sources of aerosols, also 
contribute to the formation of cloud condensation nuclei that influence cloud formation and 
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perhaps the length of time that clouds remain in the atmosphere. Understanding the role of 
forests in these processes is among the most challenging of the various influences that forests 
have on climate. Clouds can both contribute to warming by blocking outgoing radiation and 
reduce warming by reflecting incoming solar radiation, as discussed in the text boxes associated 
with Figure 25. The overall effect of clouds is to cool the earth.  

6. Oxidation of Methane 

Forests, particularly older forests, can reduce methane levels when compared to crops. Methane 
(CH4) is a potent greenhouse gas with a Global Warming Potential (GWP) estimated to be 28–36 
times that of CO2 over 100 years. (See: https://www.epa.gov/ghgemissions/understanding-
global-warming-potentials). Besides removing methane, forests also release less nitrous oxide 
(N2O) than crops. Nitrous Oxide (N2O) has a GWP 265–298 times that of CO2 for a 100-year 
timescale. (See: https://www.epa.gov/ghgemissions/understanding-global-warming-potentials). 
 Thus, keeping forests as forests and managing them for older age classes offers an opportunity 
to mitigate climate change.  
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Figure 27. Comparison of the effects of forests and crops on two greenhouse gases 7 

 

 

Robertson, et al. state that “In contrast to the annual cropping systems, all of the perennial crops 
and successional communities had a net negative or neutral GWP. The 10-year-old early 
successional community had the highest mitigation potential (-211 g CO2 equivalents m-2 year-1) 
owing to a high rate of soil C storage, no CO2-producing agronomic activities, and very low rates 
of N2O production. However, these rates of soil C storage did not appear to persist beyond a few 
                                                 
7 These results need to be confirmed in a New England context. 

The Global Warming Potential (GWP) was developed to allow comparisons of the global warming 
impacts of different gases. Specifically, it is a measure of how much energy the emissions of 1 ton of a 
gas will absorb over a given period of time, relative to the emissions of 1 ton of carbon dioxide (CO2). 
The larger the GWP, the more that a given gas warms the Earth compared to CO2 over that time period. 
The time period usually used for GWPs is 100 years. GWPs provide a common unit of measure, which 
allows analysts to add up emissions estimates of different gases (e.g., to compile a national GHG 
inventory), and allows policymakers to compare emissions reduction opportunities across sectors and 
gases. See: https://www.epa.gov/ghgemissions/understanding-global-warming-potentials 

CH
4
 oxidation (top) and N

2
O 

production (bottom) in annual 
and perennial cropping 
systems and unmanaged 
systems. Annual crops were 
managed as conventional 
cropping systems, as no-till 
systems, as low–chemical 
input systems, or as organic 
systems (no fertilizer or 
manure). Mid-successional 
systems were either never 
tilled (NT) or historically tilled 
(HT) before establishment. All 
systems were replicated three 
to four times on the same or 
similar soil series; fluxes were 
measured over the 1991–99 
period. There are no 
significant differences (P > 
0.05) among bars that share 
the same letter on the basis of 
analysis of variance. Triangles 
indicate average fluxes when 
including the single day of 
anomalously high fluxes in the 
no-till and low-input systems 
in 1999 and 1991, 
respectively (Robertson, et al. 
2000).  

(Forests) 
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decades—in our 50--year-old mid-successional sites, soil C storage rates were about 15% of 
rates in the early successional sites, yielding a net mitigation potential of only -31 g CO 2 
equivalents m-2 year-1. Neither the mid-successional never-tilled sites nor the late successional 
forests stored detectable amounts of soil C; in both cases, the GWP of N2O production was 
largely offset by higher rates of CH4 oxidation, yielding net GWPs close to zero.” They go on to 
say that “Maximum mitigation is provided by removing land from [agricultural] production. The 
strong mitigation potential of our early successional system will persist into mid-succession as 
carbon is also allowed to accumulate in unharvested wood.” 

7. Wood Substitution Benefits 

 a. Construction Materials 

Substituting wood for other materials can also reduce emissions. A thorough analysis of the 
“substitution benefits” of using wood was conducted by Matthews (2014) in the UK. Its essential 
conclusions for forests with a history of sustained yield management are shown in Figure 28. The 
take-home message is that the greatest gains for reducing greenhouse gases from these forests 
over the next few decades can be achieved by: 

• Continued active management including sustained yield timber harvests; 

• Use of the wood harvested for long-lived wood products; and 

• Use of the residues (limbs and tops and manufacturing waste) as fuel. 

  
  



 

49 

Figure 28. Relative GHG emissions over 20 years comparing use of wood to use of non-
wood substitutes. (Based on UK conifer forests with a history of sustained yield management.) 

 

Simplified by R. Alec Giffen, but based on Figure 5.12 and Table 5.2 from Matthews, et 
al. (2014). 

 

Matthews, et al. found the greatest GHG benefits (the lowest portion of the green bar) to result 
from use of harvested wood as follows: sawlogs used for timber; sawlog offcuts and small round 
wood used for particleboard (also using 75% recycled wood); and bark and 50% of branch wood 
used for fuel. All results are relative, that is, they are in comparison to the use of non-wood 
alternatives. If wood is used for the same combination of products but particleboard is 
manufactured without using recycled wood, the results are somewhat less beneficial. The authors 
noted that the results for OSB would be approximately the same for particleboard made with 0% 
recycled wood. Matthews, et al. found that while burning harvested wood for fuel only results in 
a slight decrease in CO2 emissions when substitution for fossil fuels is taken into account, the 
GHG impact is less beneficial than ceasing harvesting (shown as the red dotted line). These 
results show that use of wood primarily for long-lived products is far more GHG beneficial 
than 1) using wood primarily for fuel, or 2) ceasing harvesting and manufacturing 
products from non-wood alternatives. (For more on this topic see the separate report, The 
Greenhouse Gas Benefits of Substituting Wood for Other Construction Materials in New 
England.) 
http://newenglandforestry.org/wpcontent/uploads/2016/04/9_The_Benefits_of_Substituting_Wo
od_for_Other_Construction_Materials_0922141.pdf. 
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This is consistent with the findings of the IPCC which stated: 

“In the long term, a sustainable forest management strategy aimed at maintaining or 
increasing forest carbon stocks, while producing an annual sustained yield of timber, 
fiber, or energy from the forest, will generate the largest sustained mitigation benefit” 
(Nabuurs 2007).NEFF has initiated its “Build it with Wood” project to capitalize on this 
opportunity. Please see https://builditwithwood.org/ for more on this topic. 

 b. Biomass Fuels 

In the long term, assuming that the forest regrows to its initial condition, the CO2 emitted from 
burning biomass is recaptured by the forest. Whether or not burning biomass reduces or 
increases GHG levels depends on the specific sources of biomass (e.g., logging or manufacturing 
waste vs whole trees), the use of biomass (e.g., heat or combined heat and power vs just 
electricity) and how long one assumes it will take to decarbonize energy systems.  

Burning whole trees that would otherwise be long-lived increases greenhouse gas levels for the 
near term even if they are from sustainably managed forests. As state earlier, the conclusion as to 
whether or not whole tree harvesting biomass for fuel is climate beneficial can be different if 
only impacts on carbon are considered as opposed to including both the influences on carbon and 
albedo together (Figure 15). Sources that can reduce greenhouse gas levels in the near term, as 
well as the long term, are: logging slash; manufacturing wood waste; urban wood waste; and 
trees that would die and decompose anyway (the supply of these is large) as their carbon would 
end up in the atmosphere in a matter of decades. These fuels could be increased significantly 
with the right polices, including increased emphasis on the use of wood for construction (as it 
would increase the volumes of slash and manufacturing waste and might create markets for 
small/low quality trees). In addition, expanding payments for early commercial thinning could 
reduce GHG levels by harvesting trees for fuel that would otherwise die anyway. Biomass 
heating (and cooling) does offer real opportunities to reduce greenhouse gas levels if 
pursued using policies based on sound science. 
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Figure 29. Biomass fuels can reduce or increase greenhouse gas levels in the near term – it 
depends on sources, uses and timeframe 

 
  

 

Overview of sources and uses of woody biomass in the northeastern US that may be presumed to reduce global 
warming within 20 to 30 years (Note that the two columns are largely independent of one another; that is, except where 
specifically noted, a  particular source does not need to be used for the use with the corresponding number – so, fuel source 
#1 could be used for any of the purposes identified and still yield benefits in the short term although pairing fuel source #1 
with use #1 would maximize benefits) 

Maximum 
reductions in 

GHGs Sources of Biomass Fuel  Use Displaced 

Maximum 
reductions in 

GHGs 

 1) Wood that would otherwise be burned to 
dispose of it, e.g., wood from land clearing 
and some qualifying fire hazard reduction 
operations 

1) Heating with oil (includes 
thermally led CHP that 
displaces oil) 

 

 

 

2) Wood from certain biomass plantations 

 

2) Generating electricity with 
coal 

 

 

 

3) Wood that would otherwise be left to 
decompose, e.g., slash from logging 
operations 

 

 

 

 

3) Heating with natural gas 

4) Whole tree chips from trees dying from 
insects or disease, or which will die during 
stand development, or potentially decadent 
stands which are replaced with fast 
growing species  

4) Generating electricity with 
natural gas provided that the 
biomass fuel is from Source 
1 or 2 above 

Lesser reductions  
in GHGs 

    Lesser reductions 

in GHGs 
©Alec Giffen, Clean Air Task Force
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8. Market Factors 

Forests, shaped by policies that influence their extent, 
location and use, can also have an influence on what are 
called “market factors”, which have climate change 
implications. For example, policies favoring establishing 
forest plantations on what was previously agricultural 
land can lead to a shift of agricultural production to other 
lands (e.g., rainforests in the tropics) with significant 
negative carbon consequences. This is not idle 
speculation as European Union policies promoting the 
use of biofuels have promoted deforestation in the tropics 
to allow the production of these environmentally 
“beneficial” fuels, particularly expansion of palm oil 
plantations. 
http://www.ucsusa.org/global_warming/solutions/stop-
deforestation/palm-oil-and-forests.html#.V2wAwY-cE5s 

Likewise, it is possible that, while in general keeping 
New England’s forests as forests is climate beneficial, there may be instances where conversion 
of highly productive soils to agricultural use could yield even greater climate benefits. This issue 
needs further study. New tools, such as the atmospheric modeling referred to earlier, may prove 
beneficial in weighing these tradeoffs and allow us to reach well informed decisions.  

9. Timing – The Importance of Acting Promptly 

Time is of the essence in determining not only how to use forests to mitigate climate change but 
also to limit changes in greenhouse gas levels. The International Panel on Climate Change 
(IPCC) states in their 2014 report that emissions must be kept within a specific range if we are to 
avoid the worst effects of climate change; that is, temperature increases beyond 2oC (3.6oF) (goal 
is to hold the increase in global average temperature below 2°C above pre-industrial levels.) 

Human activity through 2016 has already used up more than two-thirds of the CO2 budget that would 
limit climate warming to less than two degrees centigrade. This leaves space for less than800 
gigatonnes (GtCO2) (1 GtCO2 = 1 billion tons of CO2) of future CO2 in the atmosphere before 
climate-forcing emissions must drop to zero from all activities to avoid exceeding this warming limit 
(see Figures 30 and 31). Current global CO2 emissions are about 37 GtCO2 per year, so even if we 
could immediately limit CO2 emissions to current levels, the remaining global CO2 budget would be 
used up within 22 years by 2039.  

For more on this topic, see Attachment 1.  

 
  

Palm oil is ubiquitous in the global 
marketplace. It is an ingredient in 
thousands of everyday products, from 
baked goods to shampoo. And it is 
used to fry fast food and to fuel cars 
and trucks in many places around the 
world. Unfortunately, because current 
palm oil production methods often 
cause the destruction of carbon-rich 
tropical forests and peatlands, it is a 
major contributor to global warming. In 
order to conserve our natural 
resources, protect biodiversity, and 
reduce our risk of climate change, we 
must transform the palm oil industry. 

Union of Concerned Scientists Fact 
Sheet, December 2013 
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Figure 30. Carbon quota for a >66% chance to keep below 2oC (3.6oF)  

 

 See: http://www.globalcarbonproject.org/carbonbudget/16/files/GCP_CarbonBudget_2016.pdf  

 

 

 
 
 
Figure 31, which follows, graphically portrays this analysis.  
 
 
  

According to the IPCC, to limiting warming to below 2oC relative 
to pre-industrial levels “would require substantial emissions 
reductions over the next few decades” (IPCC 2014a). 
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Figure 31. The total remaining emissions from 2017 on to keep global average temperature 
below 2°C (3.6oF) (800GtCO

2
) will be used in around 22 years at current emission rates 

 
Past LUC = Past Land Use Change; Grey -- Total CO

2
 (not including other greenhouse gases) 

quota for 2°C (3.6oF) with 66% chance; Dark Green -- Removed from CO
2
 only quota; Blue -- 

Remaining CO
2
 quota. Source: Peters et al. 2015 and Global Carbon Budget 2016. “The 

remaining quotas are indicative and vary depending on definition and methodology.” 
For more information on the Global Carbon Project see: 
http://www.globalcarbonproject.org/carbonbudget/16/files/GCP_CarbonBudget_2016.pdf  

 

By far the largest driver of climate change is the burning of fossil fuels, but we can take some 
measures to counter their effects by managing forests and using forest products in ways that help 
to moderate climatic fluctuations. McAlpine, et al. (2010) explored the various roles that forests 
can play in this regard and made the case for prompt action to maintain these functions. They 
contend that unless prompt action is taken, the opportunity to capitalize on the ability of forests 
to moderate climate can be lost permanently. 

Even if we immediately stopped emitting greenhouse gasses the Earth’s surface temperature 
would not react instantaneously. There would be a delayed reaction because a huge amount of 
thermal energy is stored in the ocean, which has a tremendous heat capacity. Because of this lag, 
call “thermal inertia”, even the 0.6–0.9 degrees of global warming we have observed in the past 
century is not the full amount of warming we can expect from the greenhouse gases we have 
already emitted. Even if all emissions were to stop today, the Earth’s average surface 
temperature would climb another 0.6 degrees or so over the next several decades before 
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temperatures stopped rising. (See: https://earthobservatory.nasa.gov/blogs/climateqa/would-gw-
stop-with-greenhouse-gases/) The time lag is one reason why there is a risk in waiting to control 
greenhouse gas emissions until the effects of global warming becomes more severe. If we wait 
until the impacts of global warming reach an intolerable level to take extreme action we will 
unfortunately still experience further unavoidable warming and its associated impacts. (See: 
https://earthobservatory.nasa.gov/blogs/climateqa/would-gw-stop-with-greenhouse-gases/) 

The issue of timing in reducing GHG emissions is important, not only for atmospheric 
greenhouse gas levels, but also as shown below for the acidification of ocean waters. Rising 
carbon dioxide levels in the atmosphere necessarily increase the diffusion of carbon dioxide into 
the oceans, where the carbon dioxide reacts with water to form carbonic acid, increasing the 
acidity of the oceans. Depending on the acidity level reached, this could interfere with the 
formation of shells by marine organisms such as crabs and lobsters, kill coral reefs, and 
potentially produce large dead zones in the ocean. Dead zones reduce biological uptake of 
carbon dioxide by plankton and the subsequent sequestration of carbon in deep waters as those 
plankton die and drift to the bottom. This would exacerbate greenhouse gas levels and accelerate 
climate change. A report on the effects of acidification on the Southern Ocean predicts that at 
current rates of emissions problems with certain zooplankton are likely to start occurring in 
approximately the same time frame ( 20+ years) as outlined above (McNeil, et al. 2008). 

 

 

Figure 32 illustrates how increasing ocean acidification leads to the creation of bicarbonate ions 
that impede the calcification process of marine life shells. Marine organisms consume calcium 
carbonate ions through their filtering and feeding activities and use these compounds to form 
shells. Acidification causes the consumption of calcium carbonate through a chemical reaction 
resulting in the production of bicarbonate ions that are not able to be used by shellfish to form 
shells. The shell on the left appears normal, while the shell in the middle begins to show the 
adverse effects of reduced availability of calcium carbonate ions, and the shell on the right 
exhibits malformation at low calcium carbonate concentrations. These effects have been verified 
in laboratory experiments. 
  

When carbon dioxide (CO2) is absorbed by seawater, chemical reactions occur that 
reduce seawater pH, carbonate ion concentration, and saturation states of biologically 
important calcium carbonate minerals. These chemical reactions are termed "ocean 
acidification”. Calcium carbonate minerals are the building blocks for the skeletons 
and shells of many marine organisms. In areas where most life now congregates in the 
ocean, the seawater is supersaturated with respect to calcium carbonate minerals. This 
means there are abundant building blocks for calcifying organisms to build their 
skeletons and shells. However, continued ocean acidification is causing many parts of 
the ocean to become under saturated with these minerals, which is likely to affect the 
ability of some organisms to produce and maintain their shells. 

 Source: NOAA 
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Figure 32. Potential impacts of ocean acidification on calcification of shells of marine life if 
current rates of ocean acidification continues to 2100 

  

 Source: NOAA See: https://www.pmel.noaa.gov/co2/story/Ocean+Acidification 

 

A more acidic environment has a dramatic effect on some calcifying species, including oysters, 
clams, sea urchins, shallow water corals, deep sea corals and calcareous plankton. When shelled 
organisms are at risk, the entire food web may also be at risk. Today, more than a billion people 
worldwide rely on food from the ocean as their primary source of protein. Many jobs and 
economies in the U.S. and around the world depend on the fish and shellfish in our oceans. (See: 
https://www.pmel.noaa.gov/co2/story/What+is+Ocean+Acidification%3F). 

There will be global impacts from rising temperatures that will become more sever as the 
temperatures increase during this century. Impacts will affect water, ecosystems, food, health the 
coast and result in major global events such as retreat of local ice in Greenland and West 
Antarctica. Figure 33, which follows, shows the global impacts projected from rising 
temperatures from 0.5°C to 5.5°C in 1°C increments relative to the period 1850 – 1899 (bottom 
of graphic). Arrows pointing to the right indicate increasing levels of change with increasing 
temperatures. In the category of ‘Food’ increasing temperatures might lead to increasing 
production in mid to high latitudes within the temperature range of 1.5 to 3.5°C increase. 
However, for all other categories increasing temperatures portend increasing adverse impacts. 
For ecosystems, including forests, rising temperatures will mean species shifts, increase in 
wildfires and the terrestrial biosphere will become a net carbon source rather than a sink. 
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Figure 33. Global impacts projected to result from rising temperatures 

 
Source: Adapted from IPCC 2007b, Table TS.3. All entries of impact are drawn from 
chapters of the IPCC Fourth Assessment Report, where more detailed information is 
available. 
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Finally, while scientists have done their best to predict how the earth’s climate system will 
respond to climate change itself, very considerable uncertainties remain particularly regarding 
tipping points. Tipping points are when emissions reach a level where positive feedback 
mechanisms come into play causing warming to accelerate and the Earth's climate system to be 
thrown into a new and irreversible state. Tipping points can cause abrupt state changes in Earth’s 
climate system although the full consequences may not be realized in the short term. 

The realization that tipping points exist and that when we may reach them is unpredictable 
makes the role of forests in mitigating climate change all the more important. 

Lenton, et al. (2007) in their article “Tipping elements in the Earth’s climate system” refer to 
‘tipping points’ as ‘tipping elements’. They state that “The term ‘tipping point’ commonly refers 
to a critical threshold at which a tiny perturbation can qualitatively alter the state or development 
of a system. Here we introduce the term ‘tipping element’ to describe large-scale components of 
the Earth system that may pass a tipping point. We critically evaluate potential policy-relevant 
tipping elements in the climate system under anthropogenic forcing, drawing on the pertinent 
literature and a recent international workshop to compile a short list, and we assess where their 
tipping points lie.” 

They cite the following tipping elements (which are only summarized here) as being policy-
relevant: 

Artic Sea Ice 

As sea-ice melts it exposes a much darker ocean surface which absorbs more radiation–
amplifying the warming. For both summer and winter Arctic sea-ice, the area coverage is 
declining at present with summer sea-ice declining more markedly and the ice has thinned 
significantly over a large area. Positive ice-albedo feedback (warming) dominates external 
forcing in causing the thinning and shrinkage since 1988, indicating strong nonlinearity and 
leading some to suggest that this system may already have passed a tipping point, although 
others disagree. 

Greenland Ice Sheet 

Ice-sheet models typically exhibit multiple stable states and nonlinear transitions between them. 
In some simulations with the Greenland Ice Sheet removed, summer melting prevents its 
reestablishment, although others disagree. Warming at the periphery lowers ice thickness, 
increasing surface temperature and causing a positive feedback (warming) that is expected to 
exhibit a critical threshold beyond which there is ongoing net mass loss and the Greenland Ice 
Sheet shrinks radically or eventually disappears. 

West Antarctic Ice Sheet 

Most of the West Antarctic Ice Sheet is grounded below sea level and has the potential to 
collapse if grounding line retreat triggers a strong positive feedback (warming) whereby ocean 
water undercuts the ice sheet and triggers further separation from the bedrock. Glaciers that end 
in the ocean are called Tidewater Glaciers. The point at which these glaciers start to float is the 
Grounding Line. The location of the grounding line is important, because mass loss from 
Antarctica is strongly linked to changes in the ice shelves and their grounding lines. The West 
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Antarctic Ice Sheet collapse may be preceded by the disintegration of ice shelves and the 
acceleration of ice streams. Ice shelf collapse could be triggered by the intrusion of warming 
ocean water beneath them or by surface melting. 

Atlantic Thermohaline Circulation  

The Atlantic Thermohaline Circulation can be regarded as a big overturning of the North 
Atlantic Ocean from top to bottom. It is driven as the name suggests by both temperature and 
salinity. In cold regions the highest surface water densities are reached, this causes convective 
mixing and sinking of deep water, which drives the circulation. Global warming can affect the 
Atlantic Thermohaline Circulation in two ways -- surface warming and surface freshening, both 
reducing the density of high-latitude surface waters and thus inhibiting deep water formation and 
hence circulation. A shutoff in the Atlantic Thermohaline Circulation and the associated North 
Atlantic Deep Water Formation can occur if sufficient freshwater and/or heat enters the North 
Atlantic to halt the density-driven North Atlantic Deep Water formation. Deep Water Formation 
takes place in a few localized areas: the Greenland-Norwegian Sea, the Labrador Sea, the 
Mediterranean Sea, the Wedell Sea and the Ross Sea. Atlantic Thermohaline Circulation 
reorganizations played an important part in rapid climate changes recorded in Greenland during 
the last glacial cycle. Atlantic Thermohaline Circulation collapse is now widely discussed as one 
of a number of "low probability - high impact" risks associated with global warming. More likely 
than a breakdown of the Atlantic Thermohaline Circulation, which only occurs in very 
pessimistic scenarios, is a weakening of the Atlantic Thermohaline Circulation by 20-50%, as 
simulated by many coupled climate models (see: http://www.pik-
potsdam.de/~stefan/thc_fact_sheet.html). A change in the Atlantic Thermohaline Circulation 
could have dramatic impacts on Europe’s climate leading to a cooling. 

El Niño–Southern Oscillation (ENSO) 

Gradual anthropogenic forcing is expected, on theoretical grounds, to interact with natural modes 
of climate variability by altering the relative amount of time that the climate system spends in 
different states. ENSO is the most significant ocean-atmosphere mode and increased ocean heat 
uptake could cause a shift from present day ENSO variability to greater amplitude. (In response 
to a warmer stabilized climate, the most realistic models simulate increased El Niño amplitude 
with no clear change in frequency.) The ENSO is considered to be a potential tipping element in 
Earth's climate and, under the global warming can enhance or alternate regional climate extreme 
events. The required warming could occur this century with the transition happening within a 
millennium, but the existence and location of any threshold is particularly uncertain. Writing in 
Nature Climate Change thirteen researchers join together to predict the results of more extreme 
El Niño’s. They state that the 1982/83 extreme El Niño featured a pronounced eastward 
extension of the west Pacific warm pool and development of atmospheric convection, and hence 
a huge rainfall increase, in the usually cold and dry equatorial eastern Pacific. If this became a 
more common pattern, then extreme El Nino events could severely disrupted global weather 
patterns, affecting ecosystems, agriculture, tropical cyclones, drought, bushfires, floods and other 
extreme weather events worldwide (see: 
http://www.nature.com/nclimate/journal/v4/n2/full/nclimate2100.html).  
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Indian Summer Monsoon (ISM) 

The land-to-ocean pressure gradient, which drives the monsoon circulation is reinforced by the 
moisture the monsoon itself carries from the adjacent Indian Ocean (moisture-advection 
feedback). Consequently, any perturbation that tends to weaken the driving pressure gradient has 
the potential to destabilize the monsoon circulation. Greenhouse warming that is stronger over 
land and in the Northern Hemisphere tends to strengthen the monsoon, but increases in planetary 
albedo over the continent due to aerosol forcing and/or land-use change tend to weaken it. The 
ISM exhibited rapid changes in variability during the last ice age. Models and conclusions by 
researchers differ as to the future characteristics of the ISM as a result of global warming. 

Amazon Rainforest 

A large fraction of precipitation in the Amazon basin is recycled, and, therefore, simulations of 
Amazon deforestation typically generate 20–30% reductions in precipitation, lengthening of the 
dry season and increases in summer temperatures that would make it difficult for the forest to 
reestablish. Dieback of the Amazon rainforest has been predicted to occur under 3–4°C global 
warming because of a more persistent El Niño state that leads to drying over much of the 
Amazon basin. Different vegetation models driven with similar climate projections also show 
Amazon dieback, but some global climate models project smaller reductions (or increases) of 
precipitation and, therefore, do not produce dieback. However, a regional specific climate model 
predicts Amazon dieback due to widespread reductions in precipitation and lengthening of the 
dry season.  

Boreal Forest 

The boreal system exhibits a complex interplay between tree physiology, permafrost and fire. 
Under climate change, increased water stress, increased peak summer heat stress causing 
increased mortality, vulnerability to disease and subsequent fire, as well as decreased 
reproduction rates could lead to large-scale dieback of the boreal forests. This could result in 
transitions to open woodlands or grasslands. In interior boreal regions temperate tree species will 
remain excluded from succession due to frost damage in still very cold winters. Continental 
steppe grasslands will expand at the expense of boreal forest where soil moisture along the arid 
timberline ecotone declines further, amplified through concurrent increases in the frequency of 
fires. Newly unfrozen soils that regionally drain well, and reductions in the amount of snow, also 
support drying, more fire and hence less biomass. In contrast, increased thaw depth and 
increased water-use efficiency under elevated CO2 will tend to increase available soil moisture, 
decreasing fire frequency and increasing woody biomass. Studies suggest a threshold for boreal 
forest dieback of 3°C global warming, but limitations in existing models and physiological 
understanding make this highly uncertain.  

Lenton, et al. (2007) did not include as a “tipping element” the impact of increased global 
temperatures on CO2 and methane release from the Arctic, so included here in the text box below 
is an overview from the National Snow and Ice Data Center. 
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Lenton, et al. (2007) also did not include as a “tipping element” the impact of increased global 
temperatures on release of soil carbon as a result of increasing temperature accelerating soil 
respiration. Crowther et al. (2016) state that “Given that global average soil surface temperatures 
are projected to increase by around 2°C over the next 35 years under a business-as-usual 
emissions scenario, this extrapolation would suggest that warming could drive net loss of 
approximately 55 + or – 50 PgC from the upper soil horizon.” There is still much uncertainty 
about the fate of soil carbon in a warming climate and it is an area needing further research. But 
as the authors state “If as expected this carbon entered the atmospheric pool the atmospheric 
burden of CO2 would increase by approximately 25 parts per million over this period.” This 
would represent a significant increase in atmospheric carbon leading to further warming (see: 
www.nature.com/articles/nature20150.epdf). 

The uncertainties associated with these various ‘tipping elements’ is due to the complex nature of 
the Earth’s climate system and our still nascent abilities to model it and understand it. Therefore, 
we should embrace the ‘precautionary principle’ and take actions necessary to reduce and 
eventually reverse emissions of greenhouse gases to avoid reaching these points-of-no-return. As 
this report demonstrates the role of forests in mitigating climate change generally, including 
avoiding reaching levels that exceed tipping points could be substantial. Therefore we should 
maximize the role that forests can play to mitigate climate change.  

Methane Release from the Arctic 

The Arctic takes up more carbon than it releases because plants take up carbon during the growing 
season, but do not release as much carbon through decay. So, for now the Arctic acts as a carbon 
sink. But if the Earth continues to warm, and a lot of permafrost thaws out, the Arctic could become 
an overall source of carbon to the atmosphere, instead of a sink. This is referred to as a "tipping 
point." A system reaches a tipping point when it switches from a relatively stable state to an 
unstoppable cycle. In this case, the Arctic would change from a carbon sink to a carbon source. 
There are two potential sources of methane in the Arctic. The first is called methyl clathrate a form 
of methane in gas bubbles that are frozen into ice crystals. Melting ice could release these gas 
bubbles to the atmosphere. The other major source of methane in the Arctic is the organic matter 
frozen in permafrost. There is a huge amount of carbon stored in permafrost. Right now, the Earth's 
atmosphere contains about 850 gigatons of carbon. (A gigaton is one billion tons—about the weight 
of one hundred thousand school buses). We estimate that there are about 1,400 gigatons of carbon 
frozen in permafrost. So the carbon frozen in permafrost is greater than the amount of carbon that is 
already in the atmosphere today. That doesn't mean that all of the carbon will decay and end up in 
the atmosphere. The challenge is to find out how much of the frozen carbon is going to decay, how 
fast, and from where. As organic matter decays, it’s consumed and digested by microbes. If oxygen 
is available, the microbes make carbon dioxide. Lacking oxygen, they make methane. Most of the 
places where methane would form are the swamps and wetlands. And there are millions of acres of 
wetlands in the Arctic. Methane is 20 times more potent as a greenhouse gas than CO2. If the Arctic 
permafrost releases more carbon than it absorbs, it would start a cycle where the extra carbon in 
the atmosphere leads to increased warming. The increased warming means more permafrost 
thawing and more carbon release.  

National Snow and Ice Data Center (See: National Snow and Ice Data Center. All About Frozen 
Ground. http://nsidc.org/frozenground/ 
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H. Climate Change Effects on Forests 

Forests of course will also be affected by climate change (Tang and Beckage 2010). In New 
England, as elsewhere, climate change will affect the health, mortality and regeneration of tree 
species differentially. Some species will be better suited to the environmental conditions in a 
warming world with changing precipitation regimes. Forests will respond as the more resilient 
tree species fair better, or even thrive under the new conditions, and other less well adapted tree 
species drop out of the forest over time.  

Figure 34 shows how changes in the suitability of climate zones might occur in Maine by the end 
of the century. These changes in climate zones could result in the replacement over time of the 
Maple-Beech-Birch type and the Spruce-Fir type with Oak-Pine and Oak-Hickory.8 The 
frequency of insect outbreaks, the occurrence of ice storm damage, changes in wildlife 
populations and other disturbances such as the spread of invasive species will also be affected by 
climate change and in turn affect the region’s forests. These climate-driven changes will interact 
with other factors influencing forests, such as the spread of urban and suburban development, 
changes in atmospheric deposition, and importation of non-native forest pests. 

Figure 34. Dominant forest types

 

 Source: Prasad and Iverson (1999 and ongoing). 

 

                                                 
8 Recent work by the USFS “Changing Climate, Changing Forests: The Impacts of Climate Change on Forests of the 
Northeastern United States and Eastern Canada” available at (https://www.fs.fed.us/nrs/pubs/gtr/gtr_nrs99.pdf) 
supports the conclusions of this earlier work as does very recent work by Aaron Weiskettel at the University of 
Maine - Forecasting the Unknown: Potential impacts of climate change on Maine's forest, Aaron Weiskittel, 
Associate Professor of Forest Biometrics and Modeling, Irving Chair of Forest Ecosystem Management. 
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To maintain existing benefits for mitigating climate change and ameliorating its effects, as well 
as capitalize on opportunities to enhance these benefits, forests need to be resilient to climate 
change and be able to adapt to the changes which are coming and have already been made 
inevitable. Resilience is defined by the IPCC as “the ability of a social or ecological system to 
absorb disturbances while retaining the same basic structure and ways of functioning” (IPCC 
2007a). 
 
Figure 35. Vulnerability and resilience of social or ecological systems 

 

 Source: Anderson 2014. 

 
New England’s forests vary in their resilience to climate change. For stands to be as resilient as 
possible, we need to maximize stand vigor to increase the trees’ ability to withstand stress. This 
means controlling insects and diseases, as well as thinning stands to release the most vigorous 
trees to grow. Resilience is a short term response to climatic change. In the longer term, forests 
must also adapt to the effects of a changing climate. The Nature Conservancy and others assert 
that to facilitate forest adaptation to climate, we need to maintain the “stage.” That is maintain 
the physical sites, preferably as diverse as possible in terms of geology, soils, topography, 
elevation and species composition, where forests can adapt over time. 
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Figure 36. Focal areas with high estimated resilience within Northeast U.S. 
 
Map 6.24: North Atlantic Coast: Focal Areas with High Estimated Resilience. This map simplifies 
the estimated resilience map by clustering adjacent areas of high resilience into larger sites and ignoring 
single small isolated sites. Although the map relinquishes some detail, it is designed to identify large and 
small landscapes appropriate for conservation focus.
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Map 6.29: Northern Appalachian: Focal Areas with High Estimated Resilience. This map simplifies 
the estimated resilience map by clustering adjacent areas of high resilience into larger sites and ignoring 
single small isolated sites. Although the map relinquishes some detail, it is designed to identify large and 
small landscapes appropriate for conservation focus.  
 

 
 
 Source: Anderson, et al. (2012). 
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Figure 37. Degree of local connectedness of ecosystems 

Note: Brown grading to tan represents below average connectedness; cream is average 
connectedness; and light green grading to medium green to dark green represents 
increasing levels of above average connectedness of ecosystems. 

Source: Anderson (2014). Identifying and Protecting Resilient Ecosystems: New 
Directions for Conservation in a Changing World. See: 
http:conserveonline/ECS/resilientsites1 
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Maintaining connectivity between forest areas, particularly along north-south axes, is important 
so that species can migrate “naturally” as climate changes. Such ecological linkages, particularly 
if similar efforts are undertaken to the south and north of New England, should allow species and 
ecosystems to adapt over time. As alluded to earlier, it is also desirable that within these 
corridors as many different physical settings as possible are represented, such that species have 
the opportunity to utilize different ecological settings even at a specific latitude (Anderson 2010). 
Considering both resilience as well as connectivity, it is apparent that New England’s and New 
York’s northern mountain ranges have special value as climate change zones. 

In addition to maintaining connectivity, in the interest of promoting resilience and adaptation, it 
is important to maintain or increase diversity, both within and among species. Within species it is 
important to maintain genetic diversity that may allow species to effectively adjust to climate 
change. This can be accomplished by managing for a single species across the full range of 
habitats it can occupy and a diversity of growth habits.  

It is also important to increase diversity by introducing and/or favoring the species likely to be 
best suited to future climates, which as stated earlier are predicted to be warmer, wetter, more 
variable, and turbulent with more frequent extreme weather events. 

I. The Role of New Englanders and New England Forests in 
Determining How to Maximize the Benefits of Forests to Mitigate 
Climate Change  

New England with its extensive forests, long history of non-profit advocacy for forests and 
innovative thinking on forest conservation and management, as well as its outstanding forestry 
schools and research institutions, is well positioned to lead the way in determining how to best 
use forests to mitigate climate change, ameliorate its effects, increase forest resilience and 
facilitate forest adaptation to a changing climate. New England forests could serve as a case 
study and laboratory for this work with benefits to the region and far beyond. For example, in 
partnership with the New England Forestry Foundation and the Clean Air Task Force, the Woods 
Hole Research Center is working to develop the analytical approaches discussed earlier that are 
intended to evaluate the net effects of several interrelated forest climate influences. As also 
discussed earlier, this is critical as evaluating the effect of any one or two factors independently 
of the others can lead to erroneous conclusions. 

Research could cover a wide range of other topics as well. A few suggestions are listed below:  

• How can we manage New England’s forests to make them more resilient to climate 
change so that their ability to produce wood and provide other benefits is maintained and 
or even enhanced in a changing climate? 

• How can we facilitate the adaptation of New England forests to potential future climates 
so that our forests remain productive and can continue to mitigate climate change? It is 
important that decisions on future management lead to the most “robust” solutions 
possible. That is, ones which can succeed even if the prediction regarding the climate 
future of New England proves to be wrong. 
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• What forest management strategies should be employed to enhance regional cooling, 
flood control, maintain summer stream flows and serve as refuges from high 
temperatures? 

• What are the best strategies for managing forests and using wood products from New 
England forests to sequester carbon for the long term?  

• In the long term, after we have decarbonized our energy systems, what are the best 
mechanisms to employ to store the carbon captured by forests for the long term that is 
decades and even centuries? 

Existing tools, such as the latest atmospheric models, may be used to explore some of these 
questions, and it is likely that new modeling tools will also be needed. This will be a fertile area 
for research. The New England Forestry Foundation in conjunction with the Woods Hole 
Research Center and the Clean Air Task Force has established a partnership to tackle these 
challenging areas of research (for an outline of the research concepts, see Attachments 3 and 4.) 
The lives, livelihoods and wellbeing of New Englanders could depend on the development of 
effective strategies to mitigate climate change and ameliorate its effects. This research effort to 
determine “net effects” outlined earlier should get underway as soon as possible as it will take 
time to develop the necessary climate research tools and to find the answers to challenging and 
complex questions about our changing climate. We are fortunate to have the Woods Hole 
Research Center, a world leader on this topic, and the Clean Air Task Force as partners in this 
enterprise.  

J. Conclusions 

Globally, nationally and regionally climate change is already causing changes in temperatures, 
precipitation, floods and droughts. The National Climate Assessment (2014) foresees these 
changes continuing and intensifying driven largely by the amount of greenhouse gases emitted 
into the atmosphere. It is not possible based on current climate change models to say with 
complete precision when or to what extent specific climate changes will occur at a regional level. 

For the Northeast the report has some key messages: 

1. “Climate Risks to People - Heat waves, coastal flooding, and river flooding will pose a 
growing challenge to the region’s environmental, social, and economic systems.  

2. Stressed Infrastructure - Infrastructure will be increasingly compromised by climate-related 
hazards, including sea level rise, coastal flooding and intense precipitation events. 

3. Agriculture and Ecosystem Impacts - Agriculture, fisheries, and ecosystems will be 
increasingly compromised over the next century by climate change impacts including 
seasonal droughts…, adaptive capacity, which varies throughout the region could be 
overwhelmed by a changing climate.” 

Time is of the essence, we must begin acting aggressively now to reduce and limit 
greenhouse gas levels. The International Panel on Climate Change (IPCC) states in their 2014 
report that emissions must be kept within a specific range if we are to avoid the worst effects of 
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climate change; that is, temperature increase must be kept below 2oC (3.6oF) (hold the increase 
in global average temperature below 2°C above pre-industrial levels.) 

Human activity through 2016 has already used up more than two-thirds of the CO2 budget that would 
limit climate warming to less than two degrees centigrade. This leaves space for less than 800 GtCO2 
in the atmosphere before climate-forcing emissions must drop to zero from all activities to avoid 
exceeding 2oC (3.6oF). Current global CO2 emissions are about 37 GtCO2 per year, so even if we 
could immediately limit CO2 emissions to current levels, the remaining global CO2 budget will be 
used up within 22 years, by 2039.  

While it is obvious that New England’s forests cannot by themselves fully mitigate global 
climate change or even ameliorate all of the regional impacts that are likely to occur, they could, 
along with the region’s intellectual capital working on this issue, serve as a site for case studies 
that enable us to determine: 
 

1. How to maximize the climate benefits of forests (maximize net benefits); 
2. How to increase forest resilience; and 
3. How to facilitate forest adaptation to species that will be favored by a warming climate. 

 
It is imperative that we get underway with this research soon if we are to lead the way for other 
regions and initiate policies and practices that will take full advantage of New England’s forests 
to mitigate, prevent and ameliorate climate change. 

The lives, livelihoods and wellbeing of New Englanders could depend upon the development of 
effective strategies to mitigate climate change and ameliorate its effects. It will take time to 
develop the necessary climate research tools and to employ them to find answers to challenging 
and complex questions about our changing climate. We are fortunate to have the Woods Hole 
Research Center, a world leader on this topic, and the Clean Air Task Force as partners in this 
enterprise. 

Actions We Can Take Now! 

Finally, despite the need for additional research, there are steps we can take now to capitalize on 
the opportunities New England’s forests offer to: 1) ameliorate and 2) mitigate climate change, 
as well as 3) facilitate the adaption of forests to future climate conditions, so they can both 
amelioration and mitigation climate change in the future. That is, because we understand their 
consequences, we can with confidence take the following actions: 

Ameliorate Climate Change  

• Increase use of urban trees to shade buildings to reduce ground level air temperatures and 
thereby reduce emissions associated with air conditioning and block winter winds to 
reduce emissions from heating.  

• Utilize ‘green infrastructure’, defined as vegetation systems intentionally designed to 
promote environmental quality, to reduce the intensity of heat islands by providing shade 
and cooling from evapotranspiration, and increase infiltration of precipitation. 

• Maintain and expand urban parks to provide cooling benefits downwind into surrounding 
residential areas. 
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Mitigate Climate Change Now 

• Keep New England’s forests as forests – not only to store carbon but also to reduce 
emissions of N2O. 

• Utilize management plans developed by professional foresters to ensure that the forestry 
objectives outlined are realized. 

• Restore management for longer rotation ages to increase the oxidation of methane (many 
actively managed areas are now managed for shorter rotation ages than they were 
historically).  

• Reforest marginal agricultural lands in areas that are not likely to be used for agriculture. 
(Note: Some of these lands could be used for short rotation production of biomass fuels if 
demand warrants it). 

• Minimize soil disturbance during logging, unless needed for intentional regeneration of 
desired species. 

• Regenerate logged areas as quickly as possible to the desired species. 
• Favor tree species best suited to grow valuable products (particularly those suitable for 

long-lived wood products) under future climatic conditions. 
• Employ intensive management practices on the most productive forest lands to increase 

sustainable production of wood per acre – this will result in storing more carbon on-site 
and will provide more wood for long-lived purposes.  

• Substitute wood in construction for other materials with higher life cycle greenhouse gas 
emissions. 

• Productively use trees that are dead or will die in the next few decades, so that the carbon 
contained in them can be used in ways that most effectively reduce greenhouse gas 
emissions. 

• Prevent and control wildfires (note that controlled burns may be appropriate to create or 
maintain certain habitats). 

• Use limbs and tops from logging, forest manufacturing waste, and urban wood waste for 
biomass fuel, favoring heating and combined heat and power over biomass electrical 
generation. 

• Allow forest waste to naturally decompose onsite when it cannot be used for a climate 
beneficial purpose or when it is needed to maintain desirable site conditions rather than 
burning onsite (attenuates release of CO2, increases soil carbon and reduces black carbon 
emissions).  

Facilitate the Adaptation of Forests to Future Climate Conditions (Adaptation is needed to 
allow forests to both amelioration and mitigation climate change in the future.) 

• Thin stands to improve growth on trees targeted for management and to make them more 
resilient to climate change; and harvest trees that would otherwise die.  

• Manage for species that will be favored by a warming climate (e.g., oak, hickory and 
pine) over much of New England. 

• Create a strategically designed system of reserves to maintain the values of older forests 
and provide ecological benchmarks that can be used to qualify and quantify impacts due 
to a changing climate. 
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• Maintain the “connectivity” between forest areas (particularly along high elevation areas 
and the north/south axis) in the Northern Appalachian/Acadian Forest to allow for species 
migration over time. 

In summary, New England’s forests provide options to ameliorate, mitigate and adapt to climate 
change. They in turn will be strongly influenced by the actions we choose to take. If forests are 
managed to optimize climate benefits, considering the full range of forest-climate systems 
interactions without adverse climate impacts (e.g. displacing agriculture to a region where it 
results in greater radiative forcing), they could contribute to what Garman, et al. (2014) referred 
to as “climate remediation.” This would be an example of employing techniques to improve our 
circumstances rather than simply avoiding making them worse. This can be thought of as 
“green” geoengineering that has multiple benefits without the risks that other more extreme 
geoengineering approaches could entail. This effort should include expanded urban and 
agroforests, as well as wildland forests. 
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M. Attachments 

1. How Much Headroom in the Atmosphere for Future CO2? 

How much “space” is available in the atmosphere for future carbon emissions? Given CO2’s long 
residence time in the atmosphere (a significant portion of carbon emitted today will remain in the 
atmosphere for millennia), the CO2 that is being emitted is for all practical purposes permanently 
there, increasing atmospheric burden. While uncertainty exists about the precise temperature response 
created by doubling the pre-industrial concentration of CO2, numerous analyses indicate that the 
likelihood of severe consequences increases significantly if warming exceeds two degrees centigrade. 
Reductions in emissions do not remove any existing carbon dioxide from the atmosphere. Partial 
reductions in emissions combined with steep increases in overall energy use will still result in 
significant additions of carbon to the atmosphere.  

 

Human activity through 2016 has already used up about two-thirds of the CO2 budget that would limit 
climate warming to less than two degrees centigrade. This leaves space for less than ~890 gigatonnes 
of future CO2 (GtCO2) in the atmosphere before climate-forcing emissions must drop to zero from all 
activities to avoid exceeding this warming limit.9 (See Figure. 27 in this report). Current global CO2 
                                                 
9 IPCC AR-5 Working Group I Summary for Policy Makers, on page 27 at last bullet point. This remaining CO2 
budget of ~890 GtCO2 assumes a >66% probability of constraining incremental warming from anthropogenic GHG 
emissions to less than 2 degrees C. This figure is calculated using AR-5’s estimated remaining CO2 budget through 
2011 of ~1890 GtCO2 when accounting for non-CO2 forcers and is then adjusted for estimated 2012 plus 2013 
global CO2 emissions of about 72 GtCO2, as sourced from http://co2now.org for 2012 and 
http://cdiac.ornl.gov/GCP/carbonbudget/2013/ for 2013.  
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emissions are about 37 GtCO2 per year, so even if we could immediately limit CO2 emissions to 
current levels, the remaining global CO2 budget would be used up within ~24 years - by 2038.  

There is debate about how much headroom in the atmosphere is left for additional CO2. The diagram 
below estimates that there is only 335 GtCO2 left of headroom, and with current estimated annual 
fossil fuel emissions of 36 GtCO2 it will take 8 years to reach the limit of the carbon budget if 
emissions continue to rise at 2.5% per year. Whether it takes only 8 years or 24 years to use up the 
remaining global CO2 budget, there is little doubt that global climate change is real, we are continuing 
to impact the climate with greenhouse gas emissions and it is urgent that we take steps to dramatically 
curb greenhouse gases.  
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2. Input on the Potential Role of Regional Modeling in Determining Net 
Effects of Forest Management and Wood Use 

CLEAN AIR TASK FORCE 

 

Feb. 2, 2013 draft10 

Questions and Answers on the Modeling the Clean Air Task Force Proposes 
as Part of its Forests & Climate Systems Program 

Note: There are 8 questions and answers to the modeling discussion. Only 2 are shown here 
to give a sense of the potential models offer for understanding how forests and wood use 
affect the climate. If you would like to access the whole document, please click the 
hyperlink here. 

 

Q1: Why is mathematical modeling of forest influences on climate important? 

A1: Forests influence climate in many ways. Forests not only store and sequester carbon, but 
also affect cloudiness and precipitation, humidity, soil moisture, surface and air 
temperature, air pollutant emissions, deposition of particulates and gases, atmospheric 
reactions, pollutant transport, reflectance and transfer of solar radiation and heat, wind 
speed and air turbulence. The complex interactions among these factors affect the earth’s 
energy and water balance, and therefore the local, regional, and global climates. As such, 
understanding the relationship between forests and climate involves: 

• Atmospheric physics (near-ground, tropospheric, and stratospheric); 

• Atmospheric chemistry and transport of pollutants near the ground and aloft; 

• Meteorology (short term variations, weather); 

• Climatology (long-term climate); 

• Biology and biogeochemistry; and 

• Radiative fluxes (incoming light absorbed as heat, re-radiation to atmosphere as 
heat) and radiative forcing (atmospheric heating due to greenhouse gases) 

The relationships among these processes and their effects are complex, non-linear and 
involve multiple two-way feedbacks. These relationships are too complicated to reduce to 
simple understandings, approximations, or “rules of thumb”. It is now possible, however, 
to analyze their effects and interrelationships through highly sophisticated mathematical 
modeling, using multi-scale and multi-dimensional atmospheric models. 

                                                 
10 This document was created with substantial input from Haider Taha, Principal, Altostratus.  
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Q2: How does “multi-scale and multi-dimensional atmospheric modeling” work? 

A2: With the advent of powerful, fast computers, it became possible to perform the very large 
number of calculations necessary to evaluate multiple processes, effects, and their 
interactions in the atmosphere and on land, in soils, and waterbodies. The modeling 
community (including industry, academia, and national/federal organizations) have 
worked for decades to integrate known dynamics, physics, chemistry, and related 
processes in the atmosphere and simulate conditions or scenarios to be studied. 
Compared to only a few years ago, the models can now much more accurately and 
reliably forecast the weather and air quality and provide answers to “if-then” questions 
and scenarios, including, in this case, changes in forest cover, vegetation species, 
agricultural and forest practices, harvesting, and so on. 

Inputs of relevant data (such as topography, type of land-cover, urban surface geometry, 
emissions of heat and air pollutants and meteorological conditions) are fed into 
mathematical models for analysis. For example, ever more sophisticated weather research 
and forecasting models can ingest comprehensive input from current conditions, process 
it using sophisticated mathematical parameterizations that analyze the interplay of 
atmospheric physics, dynamics, and chemistry to forecast weather conditions with a high 
degree of detail.  

The modeling community has also developed modeling systems that “couple” (link) 
weather forecasting models with emissions and air-chemistry models that can for 
example, predict when a set of weather circumstances or future climate will result in 
higher ground-level ozone levels in a particular geographic area. Such linked modeling 
systems can also determine how evapotranspirative cooling and shading by tree canopies 
can reduce surface and air temperatures and quantify the resulting reductions in air-
conditioning cooling demand and associated emissions from power plants. The models 
can also address other phenomena such as information about heat island effects, air 
pollution concentrations and transport, and other information of importance to public 
health, energy demand, and air quality.  

Different models are used for different scales. These include, for example: 

• Local-scale models (also called “fine scale”, “micro-scale”, or “urban scale” 
models) with ability to evaluate input data and atmospheric changes in areas of 
tens to hundreds of meters 

• Regional-scale models (also called “mesoscale” or “meso-urban” models), with 
ability to evaluate input data and atmospheric changes in areas of one to tens of 
kilometers) 

• Global-scale models (also known as “Atmosphere-Ocean General Circulation 
Models) that can evaluate atmospheric conditions at resolutions of 100 to 200 
km. These models are used to evaluate the continental and global climate effects 
of interactions of surface and atmospheric conditions, changes in the oceans 
circulations, and air chemistry on and over large areas and land masses, but 
cannot be utilized to evaluate conditions and changes at the mesoscale or fine 
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scale without being “downscaled.” In such cases, the global-scale models “drive” 
the regional-scale models which, in turn, “drive” the local-scale simulations. 

Even within the same model, i.e., global, regional, or local, it is possible, and frequently 
desirable, to use a “nested-grid” approach, where fine scale modeling is used to evaluate 
conditions and possible changes in a specific, fine-resolution, well-defined area, and 
regional scale models are used to analyzing the impacts on the broader surrounding 
region, allowing for linkage of information between the fine scale and mesoscale models. 
For example, fine scale modeling can evaluate the role of expanded tree cover in shading 
and evapotranspiration from soils and trees (themselves interrelated), leading to reduced 
air temperature, which in turn reduces emissions and ozone formation. Modeling of the 
surrounding region will both provide input in to the fine scale analysis (how regional 
influences and weather patterns influence conditions in the “fine scale” area) and will 
incorporate output from the fine scale model (how the effects of expanded tree cover are 
likely to affect air quality and meteorological conditions in the larger, surrounding area).  
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3. DRAFT: Developing a First Approximation of Management Guidelines 
Aimed at Maximizing Climate Mitigation from the Acadian Forest 

 

Work proposed by The Woods Hole Research Center, the New England 
Forestry Foundation and the Clean Air Task Force (the Partners) 

 

Introduction/Summary 

Scientific studies have shown that forest, including those managed for multiple uses (the focus of 
this proposal and called wildland forests herein), as well as urban, and agroforests, can influence 
regional and global climate in a number of important ways. While most of the analyses of the 
potential of forests to mitigate climate change have focused on onsite carbon sequestration, other 
forest influences (e.g., albedo) are known to be more important in some circumstances. The 
impact of forests on cloudiness, not only as a result of evapotranspiration, but also their 
contribution to the formation of cloud condensation nuclei may prove to be one of their most 
significant impacts (clouds are responsible for reducing global warming by 20-30 w/m2 while 
anthropogenic CO2 is responsible for increases of approximately 1.5 w/m2). Further, the use of 
wood in construction can both store carbon and reduce the emissions by replacing other more 
energy intensive building materials (for more information on this topic see these charts 
simplified from Matthews, et al. (2014) and Oliver, et al. (2015). 

Therefore, the challenge we face in using forests most appropriately to mitigate climate change is 
to accurately assess the interactions among forest influences and maximize the benefits of forest 
management’s “net effects.” Answering the question of which forest management regime, in 
specific forest regions, will maximize net benefits, will ultimately require sophisticated modeling 
of atmospheric chemistry, physics and meteorology at fine, meso and global scales. However, 
the partners in this work believe we know enough now to propose some common sense steps to 
advance the use of the Acadian Forest to mitigate climate change while more refined answers are 
pursued. 

As a first step in determining how should we be managing the forests to maximize climate 
benefits, WHRC, NEFF and CATF propose to convene a small group of scientists with expertise 
in the relevant subject areas (carbon sequestration of course, but also albedo, forest management, 
BVOCS, cloud formation, methane and forest interactions, atmospheric modelers, etc.) to gestalt 
a first approximation of guidelines for managing of the Acadian Forest – a forest ecosystem that 
the partners know a good deal about. Work in advance of convening such a group would include 
identifying the disciplines to be represented (initial thoughts are presented below), identifying 
specific individuals to represent them, preparing the panelists for the task at hand (e.g., providing 
background info) and of course arranging all the logistics. Two meetings of such a group would 
likely be most productive. The first would be to share perspectives, discuss potential interactions, 
identify other potential participants and additional background work that is needed, etc. The 
second meeting would be to develop a first draft of the management guidelines. This first draft 
could then be refined via email and then circulated for broader review. The draft could then serve 
as the basis for a Journal article. 
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Such a project has the advantages of: 

1) Enabling us to quickly answer the question of what we know with confidence about how 
to manage the Acadian Forest to benefit climate mitigation 

2) Jump starting people’s thinking on this topic (for both the Acadian and other forest 
regions) 

3) Being modest in cost 

4) Enhancing the prospects for funding the more comprehensive and refined work needed to 
not only fill in gaps in our current understanding but also refine our understanding of 
interactions among influences to more accurately assess the “net effects” of forest 
management on climate (for more on this larger study, please see the full proposal here). 

The Work Needed 

Task 1. Preparation for the first meeting involves: 

• Summarizing our collective (CATF, NEFF, WHRC) understanding of the issues and 
assumptions – drawing from or using the materials already prepared (e.g., matrix on 
influences, how forests fit into climate mitigation strategies, etc.) 

• Identifying the most important influences (on a preliminary basis) – see initial thoughts 
as reflected below by areas of expertise proposed to be invited and “Influences of Forests 
on Climate” for a comprehensive list of the potential choices 

• Making arrangements with participants 

• Arranging logistics of meeting place, meals, accommodations, etc. 

• Finalizing the draft agenda 

• Circulating summaries of our collective understandings, statement of purpose and agenda 
to participants and invite comments 

• Refining the above based on comments received 

 

Task 2. Holding the first meeting involves: 

• Establishing (with input from the participants) the purpose of the meeting – to share 
perspectives on how to approach the issue (e.g., relative importance of various forest 
influences), to identify the most relevant research already available, determining whether 
all the needed areas of expertise are represented, identifying other individuals (if any) 
who should be invited to participate, etc. 

• Inviting the following disciplines and people to participate: 

o Acadian Forest Management – Bob Seymour and Brian Roth 

o Likely influences of climate change on the Acadian Forest – Aaron Weiskittel 
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o BVOCs (production and impacts) – David Nowak (on production of BVOCs) and 
an expert on BVOCs climate effects 

o Albedo – Crystal Schaff 

o Forest influences on methane and N2O – Ivan Fernandez 

o Substitution benefits – Chad Oliver 

o Land cover influences on climate – Rob Jackson from Stanford and Phil Duffy  

o Impacts on harvesting on soil C – Linda Heath 

o Evapotranspiration – an expert (e.g., a researcher from the University of 
Arizona?) 

o Re-radiation of heat absorbed – an expert 

o Interactions among factors – Gordon Bonan and Haider Taha  

(Total of 16 people) (Plus partners staff, potential funders and policy makers?) 

• Determining steps in the process and hence refining the agenda. Preliminary thoughts 
regarding the agenda include: 

o Welcome / purpose of the meeting – NEFF, CATF, WHRC 

 Explanation of the purpose of the meeting and proposed process  

o Self-introductions and explanation of expertise and perspectives by each 
participant 

o Questions about purpose and process – with refinements made as needed 

o Discussion of how each of the forest influences on climate could be effected by 
management of the Acadian Forest – each participant to explain their 
understanding of impacts for their area of expertise and potential interactions with 
other influences 

o Discussion of preliminary identification of most important influences to evaluate 
as part of this process – with refinements made as needed 

o Discussion of the most effective and efficient process for developing draft 
guidelines for climate beneficial management of the Acadian Forest 

o Identification of next steps including but not limited to additional areas of 
expertise which should be represented (if any) and persons to invite to participate, 
additional information and analyses needed, agenda for next meeting, etc. 

• Facilitating the meeting 

• Recording key points in the discussion, as well as follow-up and action needed 
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Task 3. Following up to first meeting involves: 

• Circulating notes from first meeting 

• Collecting the additional information requested 

• Extending invitations to other experts (if needed) 

 

Task 4. Planning for the second meeting involves: 

• Making arrangements with participants 

• Arranging Logistics 

• Finalizing the draft agenda 

• Preparing participants, e.g., prompting them to think about scenarios likely to mitigate or 
exacerbate climate change 

 

Task 5. Holding the second meeting involves: 

• Reviewing the purposes of the meeting 

• Introducing new participants (if any) 

• Reviewing and deliberating on the results of the first meeting including the effects of 
forest management on climate influences 

• Identifying management scenarios likely to mitigate (or conversely exacerbate) climate 
change when considering what are considered to be the most important forest influences 
on climate (e.g., scenarios would consider the implications of managing for softwoods vs. 
hardwoods [or vice versa] emphasis on silvicultural system X vs. alternatives and 
emphasizing using wood for Y versus alternatives – in addition, these scenarios should 
consider enhancing resilience and adaptation as part of mitigating climate change) 

• Identifying any additional information or analyses needed 

• Recording key points in discussion, as well as follow-up and actions needed 
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Task 6. Following up on second meeting involves: 

• Drafting notes on key points, information requests and action items 

• Following up on additional information and analyses requested and circulating results 

• Drafting a report on what we know now about how to manage the Acadian Forest to 
maximize climate mitigation 

• Circulating a draft report to participants and requesting comments 

• Refining the draft 

 

Task 7. Releasing the report inviting comments from others outside this process and 
preparing a journal article 

 

Task 8. Reporting to funders 

 

Budget 

Task 1 Preparation for the first meeting (a major part of this is 
preparing summaries of what is known and assumptions 
acceptable to the partners) (note some differences of opinion 
are believed to exist on these topics) 

$10,000  

Task 2 Holding the first meeting $5,000 * 

Task 3 Following up to first meeting (this could be more if extensive 
analyses are requested) 

$5,000  

Task 4 Planning for the second meeting $5,000  

Task 5 Holding the second meeting  $5,000 * 

Task 6 Following up on the second meeting $10,000 ** 

Task 7 Releasing the report inviting comments and preparing a 
journal article 

$5,000  

Task 8 Reporting to funders $2,000  

 TOTAL $47,000 ***

  * Plus travel expenses for participants. 
 ** This could be more if extensive analyses are requested. 
*** Plus travel expenses and honorarium for participants if needed. 
 

Note – Most of this would go for the project leader’s time and someone to assist with compiling 
and summarizing research, and handling logistics, etc. 
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4. DRAFT: Beyond Carbon: Understanding the Impacts of Forest 
Management and Wood Use Scenarios on Climate Change 

 
Woods Hole Research Center, New England Forestry Foundation, and Clean Air Task Force 
 
Overview 
Most assessments of impacts of forests and deforestation on climate have focused on changes 
in the amount of carbon dioxide that forests absorb from the atmosphere, and generally 
neglect the numerous other ways in which forests influence radiative forcing and climate. 
Because the relationship between forests and climate change goes beyond carbon storage, we 
have only a rudimentary understanding of how different forest management approaches, and 
the related issue of the changes in the volume and nature of forest products which result, affect 
climate. This project will characterize some of those factors—such as changes in albedo, surface 
roughness, evapotranspiration and the emissions of biogenic aerosols—and incorporate them 
into climate analyses of two distinct forest systems that are subjected to a range of 
hypothetical management scenarios. From this exercise, we expect to learn how to enhance 
the value of forests in mitigating climate change through changes in their management and the 
use of wood products.  
 
While the potential for climate benefits is, we believe, significant, it may be even more 
important to understand forest-climate interactions to avoid unintended consequences which 
could prove very detrimental. 
 
Besides looking more completely at the science of how forest affect climate, this project will 
also demonstrate the potential for forest management to benefit climate while at the same 
time producing income and furthering other societal goals. Consideration of the real-world 
context will be essential if forest management is going to contribute significantly to mitigation 
of global climate change. Here we will analyze not only the full climate impacts of forests, but 
also the life-cycle greenhouse gas emissions of wood-use scenarios. 
 
Problem Statement 
According to the Intergovernmental Panel on Climate Change, the goal of keeping global 
temperature increases to 2oC or less requires that we limit total anthropogenic carbon 
emissions (over all time) to about 1000 gigatons. We have already emitted more than half of 
this amount, and are on pace to push past that limit within a few decades.  
 
Most climate mitigation planning efforts assume that forests will play an important role. This 
assumption is mainly based on our understanding of carbon dynamics. Pan, et al. (2011) found 
that from 1990-2007 on average forests worldwide sequestered 1.1 + 0.8 petagrams of carbon 
per year (a petagram is one trillion kilograms). However, this far less than their potential as this 
figure is reduced by 1.3 + 0.7 Pg per year as a result of tropical deforestation. Thus, by 
increasing the first number and decreasing the second, forests can sequester more of the CO2 
we emit. Further, when wood is used in place of other construction materials, it effectively 
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sequesters carbon over long time scales and avoids the carbon emissions associated with other 
materials. For example, Roger Sathre estimated by averaging the results of 21 studies that over 
the long term, every cubic meter of wood used in place of other materials reduces CO2 
emissions by 1.9 tons (Sathre and O’Connor 2010). The impacts of substituting long lived wood 
products for other materials which result in greater emissions is particularly important. 
 
While important, the focus on carbon dynamics overlooks the other ways in which forests 
influence climate change. The size and type of the earth’s forest cover affects albedo (the 
proportion of sunlight that is reflected, rather than absorbed, when it hits earth) and surface 
roughness (which impacts the transport of heat and moisture). The existence of forests also 
increases evaporation, and different kinds of forests emit different biogenic compounds—both 
of these factors influence cloud formation.  
 
These non-CO2, forest-related climate influences have not generally been adequately 
understood to date. But their impact on climate change—and thus their importance to climate 
mitigation strategies—is potentially significant. Caldeira et al. (2005) found that the benefits of 
tree plantations depend on resulting changes in albedo, not just the rate of carbon 
sequestration. Rotenberg and Yakir (2010) showed that the loss of some semi-arid forests has 
slowed global warming, because the increase in albedo and the re-radiation of heat from the 
cleared land trumped the cooling benefit associated with the preexisting forests’ carbon 
sequestration rate. Further, Kurten et al. (2003) determined that the climate impact of forests’ 
production of biogenic aerosols may be on same order of magnitude as carbon sequestration 
(in addition to contributing to cloud formation, some aerosols reflect solar radiation directly). 
 
Moreover, we know that the opportunities to use forests as a carbon pump—and to prime that 
pump by encouraging the use of certain forest products and discouraging the use of others—
are significant. For example, Matthews, et al. (2014) compared the lifecycle carbon emissions 
from wood versus alternative materials and found that the increased use of wood, particularly 
in long-lived products, has clear climate benefits even in the near term. Bio-energy with carbon 
sequestration also offers opportunities if it can be done in a way that is cost competitive. 
 
Furthermore, forests are affected by changing climatic conditions, witness the fact that forests 
in parts of the western US and Canada have become net carbon sources rather than sinks. 
These potential impacts must also be accounted for when examining the full range of climate-
forest interactions. 
 
Altogether there are more than a dozen ways that forests affect climate change aside from 
their effect on atmospheric CO2 loading, but these non-CO2 impacts are often not considered, 
and in some cases are not treated in regional or global climate models. As a result, the 
individual and collective impact of those factors is poorly understood and largely absent from 
key technical analyses and policy discussions concerning climate change mitigation. The lack of 
analysis about the non-CO2 impacts associated with different forest management regimes also 
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means that our ability to maximize the climate benefits that forests can provide is badly 
handicapped.  
 
As alluded to earlier, while we believe that the upside potential to improve on climate change 
mitigation is large, the downside potential of mismanaging forests is also great – perhaps even 
greater. This seems particularly likely in light of the fact that most analyses of global climate 
change simply assume that forests outside the tropics will continue to provide the full suite of 
climate benefits that they do now. However, such an outcome is far from guaranteed. Even in 
the case of just carbon, some forest regions have gone from being carbon sinks to sources; 
while in other areas – although net sequestration continues – forests, and hence carbon stocks, 
are diminishing. Further, forest management practices are changing in ways that modify other 
forest climate influences, e.g., reduced albedo as a result of changes in cutting practices. 
 
Proposed Solution: Two Case Studies 
The project proposed by the Woods Hole Research Center, New England Forestry Foundation, 
and Clean Air Task Force would improve our understanding of forests’ influences on climate, 
beyond (but including) CO2, by characterizing some of these factors and incorporating them 
into climate analyses. Using state-of-the-art earth system models and the best information 
available on the parameters involved, we propose to elucidate the net impact of these 
"biophysical effects" in two model ecosystems: the semi-arid pinyon pine/juniper forest type of 
United States Southwest and the temperate broadleaf and mixed New England-Acadian forest 
of the United States and Canada. Both model ecosystems are significant components of total 
global carbon uptake. Semi-arid regions have been recently highlighted as key drivers of 
terrestrial uptake variability. More generally, our knowledge of biophysical effects in temperate 
systems is poorly constrained 
 
In addition to its other benefits, the project would provide practical guidance in how to manage 
forests to achieve climate and other goals. We feel that case studies like those proposed may 
be/are probably the only practical way to develop a useful understanding of the complexity of 
forest management net impacts on climate. 
 
These two case studies were chosen because they are very different forest types, but both are 
expected to show how changes in forest management and wood use can mitigate climate 
change and conversely management that could exacerbate it. The Acadian Forest (an area 
where NEFF has particular expertise) has an active forest products industry and hence active 
forest management, while the pinyon pine/juniper forest lacks both. 
 
This analysis would significantly improve our understanding of the relative importance of 
various forest influences on climate and how various forest management approaches in two 
highly distinct forests influence climate change. 
 
In light of the fact that maximizing in forest carbon density does NOT maximize the net climate 
benefits of forest systems, and that the “best solution” considers the radiative forcing 
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associated with structure/morphology, not just the carbon in forests, key outputs from the two 
case studies will include: 

• What types of forest management in each forest type will benefit or conversely 
adversely affect climate mitigation efforts 

• How could increasing the volume of wood produced and changing its use contribute to 
mitigating climate change 

 
These results could also prove helpful in thinking about how management to mitigate climate 
change relates to management to increase forest resilience and adaptation. 
 
Project Partners  
Woods Hole Research Center is an independent research and policy institute that advances 
understanding of climate change science and brings that understanding into the formulation of 
climate policy at all levels. For two years running, the WHRC has been named the world’s #1 
climate change think tank by the International Center for Climate Governance. 
 
New England Forestry Foundation. NEFF, a non-profit organization, works to conserve forest 
land in New England (NEFF holds over 1 million acres of easements and owns and actively 
manages another 25,000 acres), and to improve forest management for the full range of public 
values (wildlife habitat, clean water, climate change, etc.) 
 
Clean Air Task Force. CATF, a nonprofit environmental organization, works to help safeguard 
against the worst impacts of climate change by catalyzing the rapid global development and 
deployment of low carbon energy and other climate-protecting technologies through research 
and analysis, public advocacy leadership, and partnership with the private sector.  
 
Budget 
A two-year budget of $700,000 would allow the project partners to analyze the CO2 and 
selected non-CO2 climate impacts associated with various management regimes for the Acadian 
forest and pinyon pine forests. The primary costs would be the full-time salary for a post-
doctoral student and project direction and support by select staff at WHRC, NEFF, and CATF.  
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