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Glossary of Keywords and Phrases 
Acidification/Ocean Acidification: The process by which the ocean absorbs CO2 from the atmosphere and 
converts the carbon to other forms, making the ocean more acidic.

Aerosol Indirect Effect (AIE): The interaction of small particles with clouds and precipitation whereby they 
alternately seed cloud formation or, as heat absorbing particles, redistribute solar energy as thermal energy 
inside cloud layers. These processes have large scientific uncertainties and remain an active area of research.

Albedo: A measure of the reflectivity of the earth’s surface. It is the fraction of solar energy (shortwave 
radiation) reflected from the earth back into space. Thick ice and snow have a high albedo; bare earth has 
a low albedo.

Alpine: Mountain regions.

Antarctic Gyre/Front: May refer to any of the three ocean currents and gyres within the Southern Ocean 
(i.e., Antarctic circumpolar current, the Ross gyre, and the Weddel gyre) that result in upwelling and the 
creation of nutrient-rich waters.

Anthropogenic: Human-caused.

Atmospheric Brown Cloud: From the UNEP initiative of the same name, refers to increasing concentra-
tions of soot, sulphates, and other aerosol components that are causing major threats to water and food 
security and have resulted in surface dimming, atmospheric solar heating, and soot deposition (especially 
in South East Asia).

Atmospheric Lifetime: The time required to turn over the global atmospheric burden of a pollutant. It is 
also taken to represent the decay time of emissions of a pollutant, but this is not strictly true for short-lived 
species.

Baseline/Baseline Projections: Levels of greenhouse gases or warming impacts expected under the assump-
tion that no further mitigation/reductions occur.

Biofuels: Non-fossil fuels, typically liquid or gas (e.g., biogas, biodiesel, bioethanol).

Biomass: Refers to solid organic materials, such as wood, grass, animal dung, and other agricultural wastes.
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Black Carbon (BC): Black carbon is a small, dark particle that warms the earth’s climate. Although black 
carbon is a particle rather than a greenhouse gas, it is the second largest climate warmer after carbon dioxide. 
Unlike carbon dioxide, black carbon is quickly washed out and can be eliminated from the atmosphere if 
emissions stop. Reductions would also improve human health.

Boreal: Related to or located in high northern near-Arctic ecosystems.

Carbon Dioxide (CO2): The greenhouse gas that contributes the most to global warming. While more than 
half of the CO2 emitted is removed from the atmosphere within a century, some fraction (about 20 percent) 
of emitted CO2 remains in the atmosphere for many thousands of years. 

Carbon Flux: Release of carbon into the environment, which can occur in different forms (i.e., methane 
or carbon dioxide gas).

Celsius: Unit of Temperature. One degree Celsius equals about 1.8 degrees on the Fahrenheit scale.

Cryosphere: Elements of the earth system containing water in its frozen state, including sea ice, lake and 
river ice, snow cover and solid precipitation, glaciers, ice caps, ice sheets, ice shelves, permafrost, and 
seasonally frozen ground.

Enteric Fermentation: A digestive process in ruminant animals (e.g. cows, sheep) that enables them to eat 
cellulose-enhanced tough plants. The process results in the release of methane emissions.

Euro-6/VI: European vehicle emission standards (Euro standards) that define the acceptable limits for 
exhaust emissions of new vehicles sold in EU member states (see http://ec.europa.eu/enterprise/sectors/
automotive/environment/eurovi/). 

Feedbacks/Feedback Mechanisms: Climate change impacts which lead to a cycle of greater warming, 
either by release of greenhouse gases or by changing the physical conditions for warming (e.g. albedo or 
ocean composition).

Glacial Lake Outburst Floods (GLOF): A high-magnitude catastrophic flood involving the sudden release 
of water. This can relate to the formation of new glacial lakes of melt water that become unstable or the 
melting of glaciers that are damming up existing glacial lakes.

Glaciers/Land Glaciers: “Ice rivers” on land, built up by compacted snow over centuries or millennia, 
which move slowly until they melt or discharge (as icebergs) into the ocean.

Global Burden of Disease: A study to estimate the number of worldwide deaths annually from different 
diseases or environmental causes.

Ice Sheets: Large, continuous, old (up to millions of years), and often very thick ice (3–4 km. on Greenland 
or Antarctica) which may cover either land or what would otherwise be open water.

Mass Balance/Glacial Mass Balance: The difference between accumulation and melting of glaciers or ice 
sheets. Expressed both as volume lost (cumulative mean specific mass balance, kilograms per square meter, 
kg/m2) and relative contribution to sea-level rise (millimeters sea-level equivalent, mmSLE).

Measures (Reduction Measures): For this report, refers to actions, regulations, or technologies that reduce 
emissions of various pollutants, including black carbon and methane. Measures are chosen to have both 
health and climate benefits, and only include technologies or actions already in use in some parts the world 
(but may not be cost-effective and applicable to all country contexts). 
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Methane (CH4): A greenhouse gas that only lasts an average of 12 years in the atmosphere; it is an extremely 
powerful warmer during that period. One molecule of methane warms about 25 times more than CO2 over 
100 years; 72 times as much over 20 years. 

Mitigation: Actions to address climate change by decreasing greenhouse gases and other climate forcing 
agents.

Modeling: Computer simulations of global atmospheric behavior, including temperature and complex fac-
tors and interactions between land, air, water, and the biosphere.

Monsoon: Seasonal changes in atmospheric circulation and precipitation associated with the asymmetric 
heating of land and sea (especially in South Asia).

OECD/IEA 450 Scenario: The progression of emissions based on energy and fuel projections of the Inter-
national Energy Agency’s World Energy Outlook leading to a peak CO

2 concentration of 450ppm. 

Ozone (O3): A harmful pollutant and greenhouse gas that only forms though complex chemical reactions 
with other substances in the atmosphere, including methane, and can harm both human health and crops.

“Peak” Water: The point when increased glacier runoff from greater melting begins to decline.

Permafrost: Soil that remains at or below the freezing point of water for two or more years. Permafrost 
traps carbon that can be released as methane, CO2, and/or other gases upon thaw.

Radiative Forcing: A measure of the net change in the energy balance of the earth with space, that is, the 
change in incoming solar radiation minus outgoing terrestrial radiation. At the global scale, the annual 
average radiative forcing is measured at the top of the atmosphere, or tropopause. Expressed in units of 
warming rate (watts, W) per unit of area (meters squared, m2).

Sea Ice: Relatively thin and young ice (a few centimeters to several meters thick, and usually less than a 
decade old), subject to seasonal thinning or melting. 

Short-lived Forcers/Short-lived Pollutants/Short-lived Climate Pollutants (SLCPs): Substances such as 
methane, black carbon, tropospheric ozone and some hydrofluorocarbons which have a significant impact 
on near-term climate change and a relatively short lifespan in the atmosphere compared to carbon dioxide 
and other longer-lived gases.

Tropospheric Ozone: Sometimes called ground-level ozone, refers to ozone that is formed or resides in 
that portion of the atmosphere from the earth’s surface up to the tropopause (the lowest 10–20 km of the 
atmosphere).

West Antarctic Ice Sheet (WAIS): The thick ice sheet covering over two million square kilometers of West 
Antarctica, with much of that region actually an ice-covered archipelago and therefore subject to some 
degree of instability.

Win-Win Measures: In this report win-win measures are defined as mitigation measures that are likely to 
reduce global warming and at the same time provide clean air benefits by reducing air pollution.
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Foreword (The World Bank) 

The science is settled and the problem identified. Now we must act in the smartest and most effective way 
we can. Our world is on thin ice.

This report is about how climate change is affecting the cryosphere—those snow-capped mountain 
ranges, brilliant glaciers, and vast permafrost regions on which all of us depend. It lays out 14 specific 
measures we could take by 2030 to reduce short-lived climate pollutants and slow the melting of ice and 
snow that must stay frozen to keep oceans and global temperatures from rising even faster.

Action to stabilize the cryosphere will also save lives now. By mitigating short-lived climate pollutants 
such as black carbon and methane, we will improve health in thousands of communities, many of them 
in the developing world.

If we quickly scale up just four cleaner cooking solutions, for example, we could save one million 
human lives every year. That is one-quarter of the mostly women and children who die from exposure from 
indoor and outdoor cooking smoke annually. The benefits would multiply because, with cleaner air, cities 
become more productive, child health improves, and more food can be grown. All the while, we would 
reduce the warming impact that black carbon from these cookstoves has on polar and mountain regions, 
especially in the Himalayas.

The Himalayan mountain ranges make up the largest freshwater source outside the poles in an area 
that is home to 1.5 billion people. With the surface temperature across the region now 1.5 degree Celsius 
higher than before the industrial revolution, the health and welfare of hundreds of millions are at stake. 
Today, ice and snow melting is causing catastrophic floods in one area and droughts in another—and this 
trend will accelerate as the planet continues to warm. 

We see the same story repeated in the Andes in South America, where glaciers feed river basins on 
which millions depend for agriculture and electric power; and in East Africa.

Just a 50-percent drop in open field and forest burning, another leading source of black carbon, could 
result in 190,000 fewer deaths from air pollution. By reducing emissions from diesel transport we could avert 
yet another 340,000 premature deaths—while giving us some quick gains in our fight against climate change. 

At the World Bank, we’re taking steps to ensure more of our projects and activities reduce short-lived 
climate pollutants. A recent analysis for the G8 reveals that from 2007–2012, 7.7 percent of Bank commit-
ments in energy, transport, roads, agriculture, forestry, and urban waste and wastewater—approximately $18 
billion—were “SLCP-relevant” (i.e., could have an impact on the amount of short-lived climate pollutants 
which are released into the atmosphere). Going forward, our goal is to transform as much of the Bank’s 
portfolio as possible into “SLCP-reducing” activities.

None of these activities will be easy, and very real barriers to implementation exist around cost, behav-
ior, technology, and sustainability. 

Also, let me be clear: The measures we are proposing in this report are not a silver bullet solution to 
global warming. Efforts to reduce black carbon and methane cannot replace long-term mitigation of CO

2, 
which requires a global transition to a low-carbon, highly energy-efficient economy. That shift will take 
international cooperation and decades of hard work.

By addressing short-lived climate pollutants, however, we will be reaping some significant climate 
benefits while at the same time meeting human development needs now. 

Exploiting these win-wins while ensuring we tackle the most urgent challenges before us is how we can 
green growth without slowing it and how we can achieve sustainable development. We have an opportunity 
here, but the window for action will close soon. So let us get to work.

Rachel Kyte
Vice President, Sustainable Development Network

The World Bank
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Foreword (International Cryosphere 
Climate Initiative) 

This report is a message of caution, and of hope.
Caution because rapid changes in the earth’s regions of snow and ice—the “cryosphere”—daily increase 

the risk of changes to our global environment: changes not seen in the span of human existence. Hope, 
because the tools to decrease that risk are available now and would improve the lives and futures of some 
of the world’s most vulnerable populations.

First the caution: the cryosphere is changing fast as a result of climate change, it is changing today, and 
those changes bring increased risk to ecosystems and human societies. This report documents how that 
pattern is repeated throughout the cryosphere, whether the Arctic, the Antarctic, the Himalayan “Third 
Pole,” or the Andes: temperatures rising at twice or more the global average, glaciers receding, ice sheets 
showing signs of instability, permafrost thawing. The cryosphere is on an accelerated warming path, and 
some of those changes may drive global climate change faster and further than we are currently prepared 
to handle. If warming continues unabated, the risks from continuing sea-level rise, flooding, and water 
resource disruption rise dramatically. So too will the risk of large CO

2 and methane releases from perma-
frost, potentially eclipsing global efforts to reduce carbon pollution. The window to slow some of these 
processes may be closing rapidly.

Yet this report also carries hope, because a suite of air pollution management tools are available that 
can slow these cryosphere changes and at the same time bring economic benefits: improved health, higher 
crop yields, and greater access to energy. Anti-pollution measures aimed at sources such as cookstoves; 
coal and wood heating stoves; diesel; alternatives to crop burning; and capture of biogas from landfills offer 
direct benefits to those communities making them happen, and they are eminently achievable. Though 
global decreases in CO2 cannot and should not be replaced, many communities have it in their power to at 
least slow snow and glacier loss nearby. The tools discussed in this report reflect a truly global solution, 
with actions available for both the developed and developing world: improved woodstoves for heating in 
Scandinavia and improved stoves for cooking in Nepal both help preserve nearby snow and ice. 

The modeling in this report shows a special need to focus more urgently on cookstove pollution. Introduc-
tion of advanced cookstoves proved the one measure with recognizable climate benefits in every cryosphere 
region of the world, including Antarctica. The human costs of inaction are enormous: four million people 
die annually from cookstove pollution, greater than the annual toll of HIV/AIDS, malaria, and tuberculosis 
combined. It is time to consider a commensurate push to replace these polluting, health-damaging stoves 
using the same tools that turned around the global AIDS crisis—coordinated public/private efforts, strict 
monitoring and evaluation, and nimble programs adapted to local conditions.

The modeling also demonstrates how methane and black carbon emissions associated with the “front 
end” of fossil fuel extraction warm the earth, alongside the “tailpipe” CO

2 emissions from fossil fuel burn-
ing, underscoring the need for transition to low-carbon economies in the near future.

The result is an imperative for both protecting the cryosphere and supporting human development. 
Implementing these air quality measures sooner rather than later will improve the quality of life for many 
millions of people each year, while decreasing risks from sea-level rise and other impacts of rapid cryosphere 
change. Yet it cannot be overemphasized that, to realize these gains, the air quality actions modeled in this 
study must be accompanied by action on CO2.

This then is the cryosphere’s message of caution and hope—the new cryosphere and development 
imperative.

Pam Pearson
Director

International Cryosphere Climate Initiative





1

Climate change is having a disproportionate impact on areas of snow and ice known as the cryosphere, with serious impli-
cations for human development and environments across the globe. This report provides an overview of why it is so critical 
to slow the rate of change in the cryosphere. It also addresses how accelerating actions to decrease short-lived pollutants 
from key sectors can make a real difference by slowing these dangerous changes and risks to development while improving 
public health and food security.

Unprecedented Changes in the 
Cryosphere Pose Global Threats

Rapid changes in the cryosphere observed during the first 
decade of this century are continuing or accelerating. With 
the exception of a one-percent increase in Antarctic sea ice extent 
and a very few growing glaciers, nowhere in the peer-reviewed 
literature is there evidence that the rapid warming documented in 
the cryosphere beginning in the 1990s is slowing. In most cases, 
warming and melting are accelerating (Figure ES1).

The high rate of warming in the cryosphere, at a pace 
unprecedented in the historic record, has the potential to trigger 

disastrous feedback mechanisms from the cryosphere into the 
global climate system. Examples include loss of albedo from 
sea ice and snow cover and loss of permafrost leading to greater 
carbon fluxes into the atmosphere (particularly where emissions 
occur as methane).

Release of carbon stores in permafrost could contribute 
as much as 5-30 percent more carbon to the atmosphere by 
the end of this century if current cryosphere warming is not 
slowed. This would then require even greater cuts in anthropo-
genic sources of CO

2 than those currently recommended to hold 
warming below 2 degrees Celsius.

Warming in the cryosphere poses serious threats to disaster 
preparedness, to water resources in some heavily populated 
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Figure ES 1: Land Glacier Ice Loss, Showing Cumulative Mass Lost Over Time (a) and Relative Contribution of Loss in Each 
Region to Sea-level Rise (b). (Source: IPCC AR4, (2007.)
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regions, and to adaptation and ecosystems preservation. Inten-
sified monitoring in cryosphere regions is needed to provide 
better and earlier warning of changes. Monitoring the stability 
of ice sheets is especially important due to their potential contribu-
tion to accelerated worldwide sea-level rise, yet large portions of 
polar and high alpine regions have few or no observing stations.

Mitigation Strategies in the Cryosphere 
Have Large and Certain Benefits

Mitigating short-lived climate pollutants (SLCPs), in the com-
ing two decades, specifically black carbon and methane can 
slow these changes while benefiting human communities. 
Implementing by 2030 the 14 methane and black carbon reduc-
tion measures (Table ES1) modeled for this report would bring 
multiple health, crop, and ecosystems benefits and decrease risks 
to development from water resource changes, including flooding 
and other impacts or climate feedbacks we may not foresee today.

Climate benefits for cryosphere regions from black carbon 
reductions carry less uncertainty than they would in other 
parts of the globe and are sometimes very large. This is because 
emissions from sources that emit black carbon—even with other 
pollutants—almost always lead to warming over reflective ice 
and snow.

Gains would be eliminated by the end of this century if not 
accompanied by strong reductions in carbon dioxide (CO

2). 
Reductions in short-lived climate pollutants cannot be made 
in isolation from efforts to reduce other greenhouse gases. The 
role of such reductions is to slow the immediate rate of change, 
especially in the cryosphere, but cannot replace long-term efforts 
to reduce CO2. 

Certain Sectoral Approaches Offer 
Tremendous Benefits

Cookstove reduction measures offer by far the greatest poten-
tial benefits both to human health and to slowing cryosphere 
warming. Rapid scaling-up of four existing clean cookstove solu-
tions1 could save around one million lives annually2 from outdoor 
air pollution impacts alone. Current Global Burden of Disease 
(GBD) estimates place total annual deaths from all household 
smoke exposure from cookstoves (both outdoor and indoor) at 
four million annually, greater than the current annual toll from 
HIV/AIDS, malaria, and tuberculosis combined. Effective sectoral 
responses, however, would need to deploy models tailored to local 
and cultural conditions, integrate learning from past failures, be 

affordable, and employ best public health practices (including 
independent monitoring and evaluation).

Cookstove measures delivered climate benefits for all five 
cryosphere regions modeled,3 including both polar regions; the 
strongest benefits were in the Himalayas. Fan-assisted biomass 
cookstoves performed almost as well as biogas/liquefied petroleum 
gas (LPG) fuel stoves in modeled climate and health benefits (for 
outdoor exposure), but present challenges to overcome in the field. 

Improved biomass (wood) and coal-heating stoves could 
save about 230,000 lives annually, with the majority of these 
health benefits occurring in OECD nations.

Just a 50-percent decrease in open field and forest burning 
could result in around 190,000 fewer deaths annually from 
related air pollution, making it the second most powerful mea-
sure from a health perspective after cookstoves. Human activity 
causes almost all open field and forest fires, either intentionally 
or by accident. Effective no-burn alternatives exist for most agri-
cultural sector use of fire, and results in this report indicate that 
up to 90-percent reductions may be possible in some regions. 

Reductions in emissions from diesel transport and equip-
ment could result in over 16 million tons of additional yield in 
staple crops such as rice, soy, and wheat, especially in Southeast 
Asia, as well as averting 340,000 premature deaths. From all 
measures, including methane measures, the additional increase 
in crop yield could total nearly 34 million metric tons.

Methane reduction measures primarily target front-end 
emissions from fossil fuel extraction. While CO2 emissions pri-
marily come from fossil fuel use, significant methane and black 
carbon emissions arise in the production chain for oil, gas, and 
coal (approximately 65 percent of benefits from all methane 
measures), strengthening the need for conversion to low-carbon 
economies. 

Reductions Significantly Decrease the 
Threat of Rapid Cryosphere Change

The black carbon and methane measures reviewed could slow 
warming in the Arctic by more than a full degree by 2050, 
resulting in up to 40 percent reduced loss of summer sea ice 
and 25 percent reduced loss of springtime snow cover compared 
to the baseline (Figure ES2). The Himalayan cryosphere might 
see nearly a one-degree Celsius decrease from baseline projections 
(though there is greater uncertainty).

This large decrease in temperature from reduction measures 
includes the permafrost regions of Siberia, North America, and 
the Tibetan region, indicating the potential for greater pres-
ervation of permafrost regions. This could reduce the risk and 
extent of future methane and CO

2 releases from permafrost melt. 



Main Messages

3

Implementation of the black carbon and methane measures 
could reduce projected disruptions in water cycles, cutting the 
near-term projected decrease in Amazon flow by nearly half (in 
one model). It could also significantly decrease risk of disruption 
to traditional precipitation patterns in the South Asian monsoon 
region, the Sahel, and areas downwind of winter storm tracks 
(i.e., the Mediterranean).

Rates of sea-level rise might be significantly slowed by 
2050, with a potential near-leveling-off in rates before the 
end of the century if SLCP measures are combined with 
CO2 emissions held to 450ppm. This decrease in sea-level 
rise could range from 10 cm to half a meter or more. Perhaps 
more important, temperature reductions in polar regions from 
these measures would help minimize the risk of essentially 
irreversible ice sheet loss or disintegration in West Antarctica 
and Greenland, which could ultimately raise ocean levels by 
several decimeters by 2100—and by many meters over a period 
of centuries or millennia.

In the Himalayas, black carbon reduction measures could 
significantly reduce radiative forcing and help maintain a 
greater portion of Himalayan glacier systems. More detailed 
regional modeling and observational studies are needed to better 
understand these impacts at more local levels due to the variability 
of the Himalayan glacier regions.

Even Antarctica shows potentially strong climate benefits 
from black carbon measures, not far below the benefits in the 
Arctic, especially on the Antarctic Peninsula and in West Ant-
arctica. This could decrease the risk for loss of the West Antarctic 
Ice Sheet (WAIS) and resulting sea-level rise. As in other regions, 
the primary benefit comes from cookstoves measures, likely from 
the southern hemisphere, decreasing the amount of airborne black 
carbon over Antarctica.

Climate benefits from black carbon measures in the Andes 
might be best addressed through observational studies. Although 
all alpine regions present challenges to modelers, cryosphere-
specific results in the Andes proved particularly difficult because 
of their relative narrowness and sharp vertical rise. A more rapid 
and effective approach to assess impacts could involve measur-
ing levels of black carbon reaching the glaciers and snow, though 
health benefits from these measures were substantial.

SLCP measures in East Africa appear highly unlikely to pre-
serve glaciers there. The small extent (under 4 square kilometers) 
of the three remaining East African glacier systems makes their 
preservation challenging even with strong efforts to reduce black 
carbon. However, health benefits in that region were extremely 
high from black carbon measures, which also appeared to maintain 
precipitation levels closer to their historic pattern.

The modeling indicates urgent need for further study to 
better understand potential benefits. These include more precise 
estimates of avoided permafrost and sea-level rise impacts; more 
regionally-focused modeling studies, especially to better characterize 
precipitation and water resource impacts; improved understand-
ing of long-range transport of pollutants to polar regions; causes 
of, and potential for decreasing open burning outside northern 
Eurasia; and benefits of cookstove measures to improve household 
air quality on a regional and country level.

The window for action is closing fast. This study by necessity 
touches only briefly on issues of implementation, local feasibil-
ity, and cost effectiveness—all significant challenges for these 
14 measures, though all are currently in use in different regions 
around the world. This modeling assumes actions by 2030. With 
projections of large cryosphere impacts such as Arctic sea ice loss 
occurring by mid-century, speed is of the essence in addressing and 
operationalizing these cryosphere and development challenges.

Figure ES 2: Percentage Change in Arctic Summer Ice (a) and Boreal Spring Snow (b) in 2050 due to Full Implementation of 
Black Carbon and Methane Measures by 2030 (Figures not scaled for additional forcing over cryosphere; with scaling, modeling 
conservatively indicates two times greater reduction in snow/ice loss.)

a. b.
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Table ES 1: Modeled Reduction Measures

Black Carbon 

Road Diesel Diesel road vehicles comply with Euro 6/VI standards (include particle filters)

Off-road Diesel Diesel off-road vehicles comply with Euro 6/VI standards (include particle filters)

Heating Biofuel Replacing current residential wood burning stoves and boilers with pellet stoves and boilers

Heating Coal Replacing chunk coal with coal briquettes for residential household heating

Cookstoves
Replacement of current biofuel cookstoves with forced draft (fan-assisted) stoves; or     Biofuel
Replacement of current biofuel cookstoves with stoves using biogas (50%) or LPG (50%)     Biogas/LPG

Open Burning

     50% Biomass Burning Reduction of all open burning worldwide by 50 percent; or

     90% Eurasian Fires Reduction of open burning in northern Eurasia to EU levels

Flaring Reduction of BC emissions from gas flaring at oil fields to best practice levels

Methane 

Mining Capture of methane, or degasification prior to the mining process

Oil and Gas Production Capture or re-injection of fugitive methane emissions, where feasible with re-use

Oil and Gas Pipelines Reduced leakage through improved monitoring and repair

Landfills Recycling, composting and anaerobic digestion and methane capture for re-use

Wastewater Upgrade of treatment to include methane gas capture and overflow control

Livestock Anaerobic digestion and capture of methane

Rice Paddies Intermittent aeration: fields remain continuously flooded with only occasional exposure to air

Endnotes
1	 Advanced cookstoves that use biogas, liquefied petroleum gas, or ethanol; or forced-draft (fan-assisted) stoves that use biomass (wood, agricultural residue, or dung). 
See Chapter 3 for details.
2	 This report makes the following assumptions regarding relative risk of air pollution health impacts which are different than GBD: (i) any amount of PM2.5 has health 
impacts, (ii) all-cause mortality is used to extrapolate health risk in other parts of the world, and (iii) linear impacts exist at high concentrations. These assumptions could 
lead to over- or under-estimating the final results, and are explained in greater detail in Chapter 3 of the full report.
3	 The Himalayas, Arctic, Andes, East African Highlands, and Antarctica.
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Chapter 1
Introduction

Climate change is happening faster and in a dramatically 
more visible way in the Earth’s cryosphere1 than anywhere 
else on earth. Global changes in climate are magnified here: 

the average temperature has risen at over twice the global mean 
in the Arctic, Antarctic Peninsula, and much of the Himalayas 
and other mountain regions, and is well above the global mean 
in virtually all of the cryosphere around the globe. Not large to 
begin with, yet providing freshwater to millions in the major 
urban centers of the Andean nations, the high tropical glaciers of 
the Andes and Patagonia are disappearing more rapidly perhaps 
than any others on earth. The glaciers of East Africa have lost 90 
percent of their mass in the past century, and today comprise less 
than four square kilometers in total area.

While the ecosystems and human communities (many of 
them indigenous) of these regions have felt the impacts of such 
rapid cryosphere warming most directly, the changes it brings will 
be felt by billions more, especially in the developing world. The 
Himalayas store more freshwater ice and snow than any region 
outside the poles: nearly 10 percent of the global total, directly 
impacting the water resources of up to 1.5 billion people and 
providing other services, such as food and electricity, to twice 
that number (Armstrong 2010). Large populations in Asia rely 
on the major river systems emanating from the Himalayas, with 
the Indus and Tarim river systems especially dependent on snow 
and glacier melt water.

A rise of even one meter in sea level would directly inundate 
over 100 million people globally (Rowley et al. 2007), with over 50 
million in Asia alone; many more would be made susceptible to 
flooding and tidal surges accompanying hurricanes and typhoons, 
such as that seen in 2012 in the Philippines (Typhoon Bopha) 
and northeastern United States (Hurricane Sandy). Small island 
states and coastal communities in least developed nations face 
the greatest risks and difficulties in adaptation. The Arctic Council 
has projected that sea-level rise from glacial melt and other fac-
tors likely will exceed one meter in this century (range 0.9–1.5 
meters),2 and the recently released Intergovernmental Panel on 
Climate Change (IPCC) Fifth Assessment Report (AR5)3 placed 
this range at 0.5–1 meter. Research into the stability of the West 

Antarctica Ice Sheet and its role in past sea-level rise indicates 
it may be an even more important contributor than melting on 
Greenland; its disintegration ultimately could press these figures 
even higher (Bamber and Aspinal 2013). 

Changes in the cryosphere caused by rapid climate change 
also have the potential to accelerate climate change globally. 
When Arctic sea ice disappears to a greater extent each sum-
mer, less sunlight is reflected from the northern hemisphere; the 
darker ocean absorbs heat, warming the entire globe. Similar 
regional warming occurs due to loss of the albedo effect as high 
mountain glaciers shrink. Perhaps most serious, both the Arctic 
and high mountain regions hold large amounts of methane and 
carbon dioxide (CO

2) in frozen form, from as far back as 400,000 
years ago, as permafrost on land and methane hydrates in near-
coastal seabeds. As these regions thaw, greenhouse gases will be 
released into the atmosphere, speeding warming further. Methane 
in particular is an extremely potent near-term warming agent, 
and sudden releases could speed warming on a global scale that 
would be measured in decades. 

The fight to preserve cryosphere regions is therefore a global 
one, with an increasingly short window of opportunity for mean-
ingful intervention. Facing a likely loss of summer sea ice by 2030, 
and disappearance of many land glaciers even earlier, efforts 
aimed at longer-lived greenhouse gases—while absolutely vital to 
the long-term preservation of these regions—will not be enough 
unless accompanied by reductions in more near-term forcers of 
the regional and global climate systems. Much of the cryosphere 
is under threat in at most decades, rather than centuries; this 
threat thus requires measures that will act far more rapidly. This 
“cryosphere imperative” demands different yet complementary 
climate solutions to those of the globe as a whole.

Recent and emerging scientific evidence points to the need 
to address emissions of methane and black carbon, in addition 
to carbon dioxide, as part of a complementary mix of actions to 
protect the cryosphere. In addition to reducing the risk of rapid 
climate change impacts, especially in the developing world, accel-
erating actions that reduce these two pollutants, part of the mix 
known variously as “short lived forcers” or “short-lived climate 
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pollutants”4 can bring immediate and unquestioned health, food 
security, and other development benefits. Slowing warming in 
these regions by reducing these pollutants will allow both local 
and global populations a better chance to adapt and, to the greatest 
extent possible, mitigate the ongoing ecological changes already 
occurring in the cryosphere.

This report summarizes the changes already being observed 
in five major cryosphere regions—the Andes, Antarctica, Arctic, 
East African Highlands, and the Himalayas with a focus on the 
most recent research. It then provides a science-based assessment 
of the impact of addressing methane and black carbon to reduce 
the risk to the global environment and human societies, especially 
for the most vulnerable populations. 

Chapter 2 provides a comprehensive assessment of the changes 
occurring in these five regions, based on the most recent literature 
(including the Fifth Assessment Report (AR5) of the Intergovern-
mental Panel on Climate Change (IPCC)). While not included in 
the scope of this report, similar changes are observed and docu-
mented in a wide range of additional cryosphere regions, such 
as the European Alps and Western Cordillera of North America. 

Chapter 3 describes the pollution and climate nexus and the 
evolving knowledge of how methane and black carbon impact 
climate specifically in cryosphere regions. Chapter 4 presents the 
background and methods used for new modeling work conducted 
as part of this study, which builds extensively on methods used 
in the 2011 UNEP/WMO Integrated Assessment of Black Carbon 
and Ozone. Chapter 5 presents the results of the new modeling 
in these five major cryosphere regions as well as globally for 

health, crop impacts, and climate. Finally, Chapter 6 discusses 
the implications and new directions for the cryosphere regions 
emerging from these modeling results.

All modeling carries uncertainty, and the climate impact models 
and health/crop benefit models employed for this study, while 
peer-reviewed and widely used, are no exception. For example, 
the global models used have limitations, especially when taken 
down to more regional levels; the emissions estimates for sources 
of these pollutants have limitations, especially in developing 
countries but also worldwide. Furthermore, this report does not 
aim to address operational feasibility or assess cost effectiveness 
associated with the emissions reduction scenarios for individual 
countries or regions within countries. Instead, it is intended as a 
starting point for work at the local level, taking into account national 
and local conditions and priorities—but adding the “cryosphere 
imperative” to the mix. For those wishing to achieve win-win 
actions on cryosphere and development, this report hopefully 
can serve as a starting point for exploring these measures, which 
often have significant local co-benefits, as well as for identifying 
additional mitigation approaches appropriate to local conditions. 

The goal of this report is to give policymakers and other 
stakeholders an assessment of the current state of the cryosphere 
and the risks that changes pose to human communities, espe-
cially the most vulnerable, and an indication of where acceler-
ating certain development and air quality actions that reduce 
methane and black carbon may bear fruit for both regional and 
global climate benefits while also directly serving local health 
and development goals.

Endnotes
1	 Cryosphere is defined as “elements of the Earth system containing water in its frozen state,” including sea ice, lake and river ice, snow cover and solid precipitation, 
glaciers, ice caps, ice sheets, ice shelves, permafrost and seasonally frozen ground. 
2	 Arctic Monitoring and Assessment Program (2011); SWIPA: www.amap.no.
3	 IPCC Working Group I Report (Sept. 27, 2013).
4	 This report uses these different terms interchangeably to refer to black carbon and methane, including impacts on ozone (considered another short-lived forcer or climate 
pollutant) from methane and black carbon reductions.
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Chapter 2
State of the Cryosphere: 2013

As the most rapidly warming regions on earth, the cryo-
sphere has variously been characterized as the canary 
in the coalmine, an early-warning signal, or a sign of 

things to come. It is all these things—and those changes have 
global implications.

A number of excellent summaries of cryosphere climate 
change were published in 2008–09, especially associated with the 
conclusion of the International Polar Year.1 This section seeks to 
update developments since then in five major cryosphere regions 
of the globe: the alpine ecosystems of the Himalayas, Andes 
and East African Highlands, and the Arctic and Antarctic at the 
Poles. It summarizes the latest developments in processes that 
cut across these different regions: loss of albedo through melt-
ing and exposure of rock, soil, or open water; sea-level rise from 
melting of land glaciers and ice caps; and loss of permafrost. All 
three processes could lead to feedback mechanisms that speed 
warming and have serious consequences for the global climate 
system, with repercussions for the environment, biodiversity, 
and human society.

2.1	 Climate Change Impacts in Five 
Cryosphere Regions

2.1.1	The Himalayas

The Himalayan mountain ranges—extending 2,400 km through 
six nations (India, Pakistan, Afghanistan, China, Bhutan, and 
Nepal)—make up the largest cryosphere region and fresh water 
source outside the poles. Rapid climate-induced changes in the 
region directly affect the water resources of more than 1.5 billion 
lives, as well as services such as electricity, and the food supplies 
of 3 billion. Projected and observed impacts include disruption of 
the annual monsoon, changes in runoff from river basins, and an 
increased risk of flooding and landslides (see Figure 1).

Annual mean surface temperature across the Himalayan 
region has increased by 1.5ºC 2 over pre-industrial average 

temperatures—similar to increases seen in the Arctic and Antarctic 
Peninsula (Shrestha, Gautam, and Bawa 2012). Measuring the 
impacts of this temperature rise on the Himalayan cryosphere 
has proved challenging because of the complicated topography 
that makes each glacier and region unique and difficult to study, 
even using satellite technology (Fujita and Nuimura 2011). 

Despite the complexity of observations and the lack of on-
site measurements, an overall pattern of warming and melting 
has been apparent, with evidence of glacier and snow cover 
decrease recorded across most of the Himalayan region (Bolch 
et al. 2012; Armstrong 2010; Bamber 2012; Kang et al. 2010). The 
most extreme melting has occurred in the eastern Himalayas, 
where the mean glacial thickness of Chinese glaciers decreased 
by nearly 11 meters from 1985–2005. A more mixed pattern is 
evident in the far Northwest and the Karakoram region, which 
are further north, colder, and more remote from large human 
populations and from monsoon precipitation impacts, receiving 
greater humidity from the west and the winter monsoon season 
(UNEP-GRID 2012; Kaab 2012; Yao et al. 2012). 

Many glacial lakes have formed or expanded during the 
rapid melt process in the Eastern and Central Himalayas. These 
have led to catastrophic floods—so-called glacial lake outbursts 
(GLOFs)—especially in Nepal and the Tibetan region. Other GLOFs 
have been narrowly averted there and in Bhutan by implement-
ing measures such as siphoning off melt water, as occurred with 
Tsho Rolpa in Nepal (Liu et al. 2013). 

The importance of melt water from greater Himalayan glaciers 
and snowpack to human water supplies varies widely, with the 
semi-arid regions of western China, Pakistan and Central Asia 
most clearly dependent on a regular, predictable melt season 
(Immerzeel, van Beek, and Bierkens 2010). Estimates range 
from 80-percent dependency of overall river flow on melt water 
in these western regions (especially the Indus and Tarim river 
basins) to under 20 percent in the Yangtze, Ganges, and Yellow 
Rivers (see Figure 1) (Xu, Shrestha, and Eriksson 2009). A 2013 
report by the Asian Development Bank categorized Pakistan as 
one of the most water-stressed nations in the world, largely due 
to changes already seen in the supply to the Indus River (Asian 
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Development Outlook 2013). In such situations of water stress, 
even seemingly small changes can have large impacts on human 
populations, where changes in timing or just a few percentage 
points in flow may make the difference between adequate irriga-
tion and crop loss for that season.

This dependency on regular water supply occurs to an even 
greater extent with the south-Asian monsoon rains, around 
which local populations have based their agricultural practices 
for millennia. The past decade has seen a general decrease in 
overall rainfall during the monsoon and a later date of onset. 
At the same time, the region has seen an increase in extreme 
events, such as the flooding in northern India in June 2013 that 
killed nearly 6,000 people, and in which rainfall-induced heavy 
melting of the Chorabari Glacier was also implicated. Any direct 
relationship between Himalayan conditions and the monsoon is, 
however, highly uncertain; the monsoon is more likely driven 
by conditions in the Indian Ocean and El Nino events than by 
conditions over the Himalayas. At the same time, studies of air-
pollution-related climate impacts and the Atmospheric Brown 
Cloud (ABC) seem to indicate a large impact from regional 
sulfate and particle emissions on monsoon precipitation levels 
and timing (Turner and Annamalai 2012). 

While the long-term impacts of rapid regional climate change 
and air quality on the monsoon may continue to be uncertain 
for some time, the very introduction of much greater uncertainty 
in water supply for local agriculture—in many cases, marginal 
to begin with—is itself an impact to be avoided.

As in the Arctic, permafrost melt is also of concern in the 
greater Himalayas, especially on the Tibetan Plateau, where 
much of the infrastructure (e.g., highways, rail lines, and dams) 
has been built over frozen ground. The permafrost of this region 
is unique and ancient, formed over the past two million years 
through uplift of the Himalayas and the Tibetan Plateau. Due 
to the arid nature of this region, the permafrost is relatively 
fragile, and its extent has decreased by nearly 20 percent over 
the past 30 years (Cheng and Jin 2103), with an increase in 
average permafrost temperature documented since 1996 (Wu 
and Zhang 2008). 

2.1.2	The Arctic

With scientific exploration dating back nearly 150 years, records 
of the changing Arctic are more extensive than any other major 
cryosphere region except the European Alps. The Arctic Climate 

Figure 1: Predicted Percentage of Glacial Melts Contributing to Basin Flows in the Himalayan Basins

Source: UNEP-GRID, 2012. Measuring Glacier Change in the Himalayas. GEAS Thematic Focus, September 2012.
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Impact Assessment (ACIA) report of the Arctic Council in 2004 
comprised the first comprehensive assessment of climate change 
in the Arctic, and delivered a dramatic message to the world on 
the changes already occurring there. The Council expanded this 
work in the 2011 Snow, Water, Ice, and Permafrost in the Arctic 
(SWIPA) report.3 

A key finding from SWIPA was that observed changes in the 
Arctic had far outpaced any projections from scientific model-
ing, with loss of sea ice, glaciers, snow cover, and permafrost 
occurring at rates far more rapid than even the most pessimistic 
IPCC modeling scenarios. This pace of change has continued, 
and includes the following recent developments.

Sea Ice
Arctic summer sea ice extent has declined by nearly 50 percent 
since satellite observations began in the 1970s. The 2012 summer 
minimum broke the previous 2007 record on August 26, and sea 
ice loss continued through September 16, reaching a low of 3.4 
million km2 (compared to 2007’s record low of 4.2 million km2). 
The 2013 summer minimum of 5.1 million km2 was reached on 
September 13; it is the sixth lowest on record, and over one million 
km2 below the 1981–2010 average minimum (Figure 2).

More important than the extent of sea ice is the fact that 
overall thickness, volume, and age of sea ice has decreased by 
80 percent since 1979. Older, thicker multi-year ice used to cover 
much of the Arctic; today virtually all of the sea ice in the Arctic 
Ocean is new, from the previous one or two winters, and thus 
quite thin and vulnerable to melt. Because the ice is very thin, 
most scientists believe an ice-free Arctic Ocean in summer is 
inevitable within the next decade or two. When this will occur 
is mostly a matter of the right combination of weather, wind, 
and ocean currents combining to create the right conditions in 

a given year. Any recovery of the ice sheets will require several 
years of temperatures below those of the past decade.

Sea ice is important due to its albedo effect: the broad expanse 
of sea ice reflects the sun’s warmth back into the atmosphere, 
cooling the entire northern hemisphere. Darker ocean will con-
versely absorb heat and speed melting in the Arctic (including 
Greenland and northern permafrost regions) as well as overall 
global warming. Preserving as much sea ice as possible is there-
fore important to the global climate system and feedbacks such 
as sea-level rise and permafrost methane release. The last time 
the Arctic Ocean was regularly ice-free in summer was 125,000 
years ago, during the height of the last major interglacial period 
(the Eemian). Temperatures in the Arctic today are coming 
close to those reached during the Eemian maximum, when sea 
level was 4–6 meters higher because of partial melting on both 
Greenland and the West Antarctic Ice Sheet (WAIS). 

Greenland Ice Sheets
Greenland is losing ice mass at much higher rates than those 
predicted or observed as recently as five years ago. Most of the 
significant glaciers of the Greenland ice sheet have retreated and 
thinned, and calving of ice at the edges of glaciers into icebergs 
has accelerated. 

Greenland surface albedo has dropped by as much as 30 
percent in some areas (Stroeve, et al 2013) and surface melting 
has increased. In 2012, surface melting occurred over virtually 
the entirety (97 percent) of Greenland, something never observed 
before since satellite data became available in 1979 (ice core data 
indicate that widespread melting may have occurred a handful 
of times in the past 1,000 years). The 2013 melting occurred 
over approximately 45 percent of Greenland at its peak, twice 
the 1979–2010 average, despite a late start to the melt season. 
Loss of ice mass from Greenland increased from about 50 Gt/
year from 1995–2000, to 200 Gt/year from 2004–2008, to about 
350 Gt/year from 2008–2012 (Box et al. 2012). Nearly all land 
glaciers elsewhere in the Arctic have also lost mass in recent 
decades, at around 150 Gt/year (especially in North America). 

Such extensive melting has many scientists concerned that 
Greenland’s ice sheet stability, especially along the margins, may 
be vulnerable to rapid ice loss and sudden disintegration into 
icebergs (Bassis and Jacobs 2013), though additional surface loss 
may take many hundreds of years (Goelzer et al. 2013). 

Permafrost
Permafrost underlies most of the Arctic land area and extends 
under parts of the Arctic Ocean near the coastline. Temperatures 
in the upper layers have risen by up to 2°C over the past 2–3 
decades, particularly in colder permafrost regions. The extent of 
soil above the permafrost that thaws each summer has increased 
from Scandinavia to Arctic Russia west of the Urals, and also in 

Figure 2: Arctic Monthly Sea Ice Extent – 1953–2013 
Anomalies around 1981–2010 mean in standard deviations. 
(Source: National Snow and Ice Data Center 2013.)

Note: 2012 minimum three standards deviations from 1981-2010 mean.
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Alaska. The southern limit of permafrost in Russia has moved 
northwards by 30–80 km during the same period; and by 130 km 
in Quebec during the last 50 years. Summer icebreaker expedi-
tions over the past three years have documented large volumes 
of methane gas bubbling to the surface off the Siberian coastline.

The amount of carbon held in Arctic permafrost remains 
uncertain, but most scientists estimate that it at least equals the 
amount of carbon released from anthropogenic sources since 
pre-industrial times. Methane raises particular concern: SWIPA 
estimated that a release of just 1 percent of the methane present 
in permafrost below the seabed of the East Siberian shelf would 
have a warming effect equivalent to a doubling of the amount 
of carbon dioxide in the atmosphere. Holding temperatures as 
low as possible in Arctic permafrost is therefore an issue of 
global concern.

Acidification
The Arctic Ocean is particularly sensitive to acidification, because 
increasing amounts of fresh water entering the Arctic Ocean from 
rivers and melting ice are reducing the Arctic’s capacity to neu-
tralize acidification. Widespread acidification has already been 
observed in the central Arctic Ocean and has been documented 
at monitoring sites across the region, especially in surface waters. 
Because Arctic marine food webs are relatively simple, its eco-
systems are vulnerable to change when key species are affected 
(Shadwick et al. 2013).

The Arctic and surrounding waters contain the largest fish-
ing waters of the northern hemisphere, resources already under 
stress from historical overfishing and other environmental 
stresses. Increasing acidification may also impact these com-
mercial fisheries as well as marine resources that are used by 
Arctic indigenous people.4 

2.1.3	East African Highlands

Most people do not associate Africa with cryosphere regions, yet 
the East African Highlands may have contained glaciers since the 
last glacier maximum 11,000 years ago. Seasonal cryosphere, in 
the form of snow, exists on the highest peaks of East Africa as 
well as in the Drakensburg Range of South Africa, the Lesotho 
Mountains, and the Atlas Mountains in Morocco. The only exist-
ing African glaciers today are on Mt. Kilimanjaro, Mt. Kenya, and 
three glacier systems in the Rwenzori (“Mountains of the Moon”) 
between Uganda and the Democratic Republic of Congo. These 
glaciers likely covered around 25 km2 in total in the early 1900s; 
today they cover well under 4 km2, based on the most recent 
surveys (tracking of the Rwenzori is especially difficult, even by 
satellite) (Mölg et al. 2013; UNEP 2013). 

The Rwenzori in 1906 contained 43 named glaciers, distributed 
across six peaks and estimated to be half of the glacial area in 

East Africa at the time (Taylor et al. 2006). At its maximum dur-
ing the last glacial period, the Kilimanjaro ice sheet covered over 
400 km2 (Young and Hastenwrath 1987). By 1912, when reliable 
observations began, Kilimanjaro’s glacier extent was 11.4 km2. 
It had diminished to 1.8 km2 in 2011, losing nearly 90 percent of 
its extent over 100 years; this includes nearly 30 percent loss of 
the ice extent that was present in 2000 (Thompson et al. 2009; 
Cullen et al. 2002). The latest estimates of Rwenzori are under 2 
km2, and Mt. Kenya has retreated to about 0.1 km2. These glaciers 
therefore are among the most rapidly receding in the world, losing 
between 80–90 percent of their surface area since observations 
began in the late 1800s. Few glaciologists expect these glaciers to 
survive past 2050, and some estimate a disappearance by 2030.

The connection between the retreat of these glaciers and 
anthropogenic climate change is very complex, as is the climate 
of East Africa generally. Influences on the region arise from 
processes ranging from the Indian Ocean and seasonal monsoon 
(itself tied to El Nino) to winds off the Sahara and even from 
Antarctica. Extensive research on Kilimanjaro indicates that a 
variety of factors, including changes in precipitation patterns 
and dryness in the region, seem the greatest factors contribut-
ing to glacial melt there over the past few decades (Mölg et al. 
2009). The role of temperature remains an area of active debate 
among tropical glaciologists, with different processes potentially 
contributing more or less to the different glaciers (Kaser et al. 
2004), and Kilimanjaro being perhaps an especially unique case 
(Mölg, et al. 2010). 

Although the processes causing these shifts remain an area 
of debate, tropical glaciologists do broadly agree that climate 
change has impacted the rate of observed glacial loss in East 
Africa in the past few decades (Mölg, et al. 2010). Summit ice 
cover on Kilimanjaro decreased by about one percent per year 
from 1912–1953, but had risen to 2.5 percent per year from 
1989–2007. Ice core studies on Kilimanjaro show clear evidence 
of surface glacier melt only in the upper 65 cm of the 49-meter 
core that spans around 11,000 years. This may indicate that the 
climate conditions driving the loss of Kilimanjaro’s ice fields are 
relatively recent (Thompson, et al. 2009). 

This region has generated some debate as to the impact of 
climate change on the spread of malaria, since the temperature-
sensitive mosquito that carries the disease had been observed 
higher in East African mountain communities a decade ago. The 
spread of malaria in the late 1990s probably was caused by other 
factors; yet the mosquito’s range can increase as temperature 
rises, and local communities remain vigilant (Stern et al. 2011). 

Glacier and snow melt form a very small portion of water 
resources in this region, with recent measurements showing 
them contributing at 2 percent or less (Taylor et al. 2009). The 
rain forests along the sides of these peaks, and rainfall at those 
altitudes play the greatest role in East African water resource 
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systems. Whether the total loss of glaciers in the region will have 
any impact on these rainfall patterns at the forest level, while 
unlikely, remains open to debate (Mölg et al. 2012). 

UNEP in 2012 noted an economic value to the existence of East 
African glaciers, stating that “…the major effects of the shrinking 
of these iconic glaciers will be the loss of ice that is part of the 
attraction to tourists... Glacier loss is likely to mean the loss of 
tourism revenues that are so vitally important to the economies 
of Kenya and Tanzania especially.”5 Indeed, the greatest value 
of the small remaining African glaciers may lie primarily with 
their symbolic value to the global human community.

2.1.4	Andes and Patagonia

The Andes, including portions of Argentina, Bolivia, Chile, Colom-
bia, Ecuador, Peru, and Venezuela, have a population of about 85 
million (nearly half of the total regional population), with about 
20 million more people dependent on Andean water resources in 
the large cities along the Pacific coast of South America. As a thin 
geographical line along the Pacific coast, the Andes represent one 
of the most fragile cryosphere regions, with most glaciers shrinking 
at rapid and often highly visible rates. 

Bolivia used to boast the world’s highest ski resort, Chacal-
taya, which began operating a lift in 1939; it closed its doors for 
good in 2011. Of greater significance to development, the region’s 
peoples, the largest Andean cities and much of its agriculture 
rely at least in part on glacial or snow runoff for drinking water, 
hydroelectricity, and agriculture, especially in the summer 
months. Climate predictions here are extremely complex, due 
to the sharp vertical rise of the Andes from sea level and the 
dependence of many climate factors on changes in El Niño pat-
terns (Kohler and Maselli 2009). 

Glaciers have retreated in all Andean countries over the last 
three decades due to atmospheric warming, with a mean decadal 
increase in temperature of 0.34°C reported for the past 25 years 
at high elevations, similar to that of polar regions (Herzog et al, 
2011). A recent extensive survey of climate change impact patterns 
across the Andes (Rabatel et al. 2013) concluded that current 
glacier retreat over the last three decades is unprecedented since 
at least the Little Ice Age (mid-17th-early 18th century). Although 
a few glaciers have shown sporadic gains, the trend has been 
quite negative over the past 50 years, with slightly more glacial 
loss in the Andes than other cryosphere regions. This loss nearly 
quadrupled in scale beginning in the late 1970s through 2010 
compared to 1964–1975. The loss is most pronounced on small 
glaciers at low altitudes: these could disappear in the coming 
years or decades (Figure 3) (Rabatel et al. 2013).

Temperatures have increased at a high rate of 0.10°C per 
decade in the Andes over the last 70 years. Variability in the 
surface temperature of the Pacific Ocean (which is related to 

El Niño) also seems to be a large factor governing changes in 
glaciers, with precipitation apparently playing a lesser role. The 
higher frequency of El Niño events and changes in its timing and 
other patterns since the late 1970s, together with a warming tro-
posphere over the tropical Andes, may explain much of the recent 
dramatic shrinkage of glaciers in this part of the world (Ibid). 

The Andes contribute a significant portion of river basin water 
supply, with up to 35 percent annually from glaciers or snowfall 
in some of the more arid regions of Peru and Chile (Vergara et. 
al. 2007). The small glaciers of the northern Andes play a lesser 
role in water resources, though they greatly impact delicate and 
unique high mountain ecosystems such as the paramo, puna, and 
Andean cloud forests. In all regions, however, glaciers can be the 
most important source of runoff during dry seasons, affecting 
water availability for irrigation and other uses. Concerns for both 
drinking water and hydroelectric power already have arisen in 
La Paz, Lima, and Quito (Buytaert et al. 2011). The effects may 
also be felt on Andean valley agriculture (Stern 2006), includ-
ing from changes in the contribution of melt water supporting 
regional economies in Argentina and Chile. 

Andean hydropower supplies 81 percent of the electricity for 
Peru, 73 percent for Colombia, 72 percent for Ecuador, and 50 
percent for Bolivia. Decreases in water levels in Andean rivers, 
probably due to reductions in snowfall in the Andes, have already 
led to a 40-percent reduction in hydroelectricity generation in 
some regions of Argentina.6 Scientists fear that some regions of 
Peru and Ecuador have already surpassed “peak water,” when 
increased glacier runoff from greater melting begins to decline. 
Hundreds of thousands of people living downstream may face 
a future of lower flows in the warmest months—and seasonal 

Figure 3: Land Glacier Ice Loss. [Source: IPCC AR4 (2007) 
based on Dyurgenov and Meyer (2004)]. Figure (a) shows the 
cumulative mass lost over time; Figure (b) shows the relative 
contribution of loss in each  region to sea-level rise.
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water scarcity as a result (CONDESAN 2012). In addition, the 
frequency of events such as flooding, landslides, and wildfires 
increased by almost 40 percent in the region between 2001–2010 
compared to the previous decade, dominated by disasters caused 
by excess water (EM-DAT (WHO) 2011). 

Patagonia adjoins the southern Andes, with a population of 
two million in Argentina and Chile. The southern and northern 
Patagonian ice fields comprise the largest mass of ice in the 
southern hemisphere outside of Antarctica, but some of its gla-
ciers are melting up to 100 times faster than at any time in the 
past 350 years, and at rates faster than any other large glacier 
region in the world (see Figure 3). The annual rate of sea-level rise 
from loss of glacial mass in Patagonia doubled from 2000–2005 
(compared to the previous 25 years), with reductions of up to 
50 percent in the Argentinean Tierra del Fuego (López Arenas, 
and Ramírez Cadena 2010; Gardner et al. 2013). The quantity of 
ice lost from Patagonia is more than the entire content of Lake 
Erie in North America. Ice fields rapidly lost volume throughout 
the 2000s, thinning at even the highest elevations (Glasser et 
al. 2011). This rapid melting, based on satellite observations, 
suggests the ice field’s contribution to global sea-level rise has 
increased by half since the end of the 20th century, jumping from 
0.04 millimeters per year to about 0.07 mm and accounting for 
2 percent of annual sea-level rise since 1998 (Willis, Melkonian, 
Pritchard, and Rivera 2012). 

2.1.5	Antarctica

The continent of Antarctica has been warming overall since the 
late 1950s, with East Antarctica warming more slowly or even 
slightly cooling while West Antarctica is warming more rapidly. 
The Antarctic Peninsula, which stretches from West Antarctica 
up toward South America, is the most rapidly warming region 
on earth, with ecological and glaciological effects occurring now 
(Steig, Schneider, Rutherford, Mann, Comiso, and Shindell 2009; 
Steig et al. 2009; O’Donnell et al. 2011; Steig and Orsi 2013; Steig 
2012). This rapid rate of warming is triggering significant changes 
in the behavior of Antarctic glaciers and ice shelves and of local 
species on land and at sea (Vaughan et al. 2003). Ice core studies 
suggest that these warming conditions “now exceed the stable 
conditions of most of the Holocene (recent) epoch [and are] 
likely to cause ice-shelf instability to encroach farther southward 
along the Antarctic Peninsula.” (Mulvaney et al. 2012; Mulvaney 
et al. 2012). 

The massive Antarctic ice sheets hold many meters of potential 
sea-level rise, so their behavior has been a major focus of climate 
scientists since the 1970s. Until the end of the last decade, the 
mass balance of Antarctic ice sheets was considered to be nega-
tive—that is, falling snow and glacier build-up was expected to 
be greater than ice sheet outputs through melt runoff or iceberg 

production. Advances in satellite laser altimetry and satellite 
gravity measurements of the ice sheet, however, have shown that 
the Antarctic, like Greenland, is currently losing mass. (Chen et 
al. 2009; Pritchard et al. 2012; Rignot et al. 2008; Rignot et al. 
2011; Velicogna 2009). 

The greatest concern lies with the potential stability of the 
West Antarctic Ice Sheet (WAIS), which acts as a cork in the 
bottle for land-based Antarctic glaciers and could eventually 
raise sea levels by 3–6 meters (7–10 meters should they melt 
completely, but this would include high altitude glaciers unlikely 
to melt simply with the disappearance of the WAIS). The WAIS is 
fundamentally unstable because it is grounded below sea level; 
indeed, much of western Antarctica is a frozen-over archipelago. 
Its disintegration would free these glaciers to melt into the ocean, 
though over hundreds of years. Parts of the WAIS are already 
experiencing significant changes, such as increased flow, thin-
ning, and spreading (Hillenbrand et al. 2012; Joughin, Smith 
and Holland 2010). While the future of the WAIS is difficult to 
predict, the most recent findings suggest that the ice sheets will 
contribute to sea-level rise, perhaps at an increasing rate, with 
the possibility of rapid ice sheet collapse rising over time should 
current warming trends continue (Bamber and Aspinal 2013; 
Joughin and Alley 2011; Bassis and Jacobs 2013). 

Although Arctic summer sea ice extent has decreased dra-
matically, dropping by 50 percent since 1950, the ice extent in 
the coastal seas around Antarctica has increased by about 1 
percent since the 1970s. Changes are not at all uniform however: 
the coastline sea ice around West Antarctica and Peninsula, 
which is important to maintaining the stability of the WAIS, 
has decreased by about 10 percent over this same period. These 
patterns suggest changes in atmospheric and oceanic circulation 
in the region, likely attributable to changes in the global climate 
system (Parkinson and Cavalieri 2012). 

Ocean acidification has the potential to severely disrupt 
marine ecosystems by breaking down the calcium that shellfish 
and many of the basic creatures in the marine food chain use to 
make their shells. Although the primary cause of acidification is 
higher levels of CO

2, colder water takes up CO2 more easily, and 
so acidification in Antarctica and the Arctic threatens the rich 
fisheries there. Scientists have identified the Antarctic Southern 
Ocean as the first region that is likely to experience widespread 
acidification because it already has relatively low levels of the 
form of calcium (aragonite) used in shell-building (McNeil and 
Matear 2008). Researchers have already documented that shells of 
some basic Antarctic species have begun to dissolve (Bednarsek 
et al. 2012). This appears to be occurring earlier than predicted, 
and there are new concerns that acidification may impact the 
Antarctic krill on which much of the rich Southern Ocean marine 
life is based. The overall impacts of climate change on krill could 
induce dramatic changes in Antarctic ecosystems and fisheries. 
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A review of the findings on climate change and krill concluded 
that “sea ice decline, temperature increase, acidification, and 
circulation changes are predicted to increase considerably… 
These environmental changes will act in concert to modify the 
abundance, distribution, and lifecycle of krill.” (Flores et al. 
2012). Finally, increasing tourism and fisheries activities in recent 
years may well contribute to local levels of pollution, especially 
if expansion continues.

2.7	 Pan-Cryosphere Feedbacks: Albedo, 
Permafrost Melt, and Sea-level Rise

Some impacts of rapid climate change in the cryosphere occur 
across the different regions, with contributions from each region.

2.7.1	Albedo

When highly reflective snow and ice surfaces melt away, they 
reveal darker land or ocean surfaces that absorb more of the sun’s 
energy. This process becomes especially apparent at the edges of 
mountain glaciers (though extremely debris-covered glaciers seem 
to show slower rates of loss due an insulation effect when the 
debris field is sufficiently thick). The result is enhanced warming of 
the Earth’s surface and the air above it. The impact of potentially 
greater cloud cover in these regions remains a matter of some 
debate, since clouds both insulate and warm the surface—and 
also reflect sunlight.

A growing body of evidence nevertheless indicates that 
albedo-associated warming is happening over the Arctic as the 
extent of sea ice decreases and snow cover retreats earlier in the 
spring (Lawrence et al. 2008). Recent satellite observations of 
reflectivity (Riihelä et al. 2013) have concluded that albedo during 
the summer months has decreased in every month except May 
(when cover remains thick) over the past 28 years. The highest 
albedo loss has occurred in August, (the month of the highest sea 
ice melt rates), with a decrease in reflectivity of about 3 percent 
per decade. The loss of albedo also speeds processes related to 
permafrost melt and sea-level rise. 

2.7.2	Permafrost

Temperatures in some parts of the Arctic permafrost have risen 
by up to 2 degrees over the past 30 years, faster than surface air 
temperatures. In AR5, the IPCC noted with “high confidence” that 
permafrost temperatures have increased in most regions since the 
early 1980s, with observed permafrost warming of up to 3°C in 
parts of Northern Alaska, and up to 2°C in parts of the European 
Russia, with a considerable reduction in thickness and extent of 
permafrost in both regions. 

The SWIPA report (2011) attributed much of this permafrost 
temperature rise to an 18-percent decrease in snow cover since 
the 1960s. Although most permafrost exists in the Arctic region, 
some occurs in most alpine systems and a large area exists on 
the Tibetan Plateau. Globally, permafrost together with deposits 
in frozen near-shore seabeds are thought to hold about 1,700 Gt 
of carbon, compared to 850 Gt of carbon currently in the Earth’s 
atmosphere. Release of even a portion of this carbon into the 
atmosphere could drastically compound the challenge already 
presented from anthropogenic sources, potentially wiping out 
any hard-won mitigation gains. In regions such as Siberia, 
Alaska, and Tibet, loss of permafrost threatens infrastructure 
from homes, roads, and trains to oil and gas pipelines that may 
leak when placed under stress.

Permafrost carbon is released as CO
2 under dry conditions, 

but some portion of the release will occur as methane under wet 
conditions (i.e., swamplands or methane hydrates coming from 
coastal seabeds). Permafrost scientists estimate that release of 
just one percent of stored carbon in the form of methane will 
double current rates of warming due to methane’s more pow-
erful near-term forcing effects. About 12 percent, or 190 Gt of 
permafrost carbon, is stored in the upper 30 cm of permafrost 
layers considered most vulnerable to permanent melting (Zimov 
et al. 2006). The IPCC estimated in AR5 that anywhere between 
50–250 Gt carbon (5–30 percent of current atmospheric carbon) 
could be released by the end of this century; great uncertainty 
surrounds even this wide range, and it does not include potential 
releases of near-shore methane hydrates.

Some of the more dramatic observations in the past few years 
have involved the release of large bubbles of methane hydrates 
off the coast of Siberia in 2010 and 2011 (Shakhova, Alekseev, 
and Semiletov, 2010). Some arctic methane researchers estimate 
that 50 Gt of carbon could be released in the east Siberian sea 
in the coming few decades, and cannot rule out this occurring 
in very brief timeframes, as a “pulse” over a few years. Siberian 
shelf methane is essentially flooded permafrost in shallow waters, 
and may be highly sensitive to warmer waters arising from lower 
sea ice extent in the past decade (Shakhova et al. 2010). Recent 
modeling (Whiteman et al. 2013) estimates that such a release 
from coastal seabeds, or emission from land permafrost along 
the same scale (attributed in part to loss of sea ice albedo, per 
the above) could raise Arctic temperatures by 0.6°C by 2050. This 
could add perhaps $60 trillion to the cost of adaptation (mostly 
in developing countries) by bringing forward the date when the 
globe exceeds 2°C of warming over pre-industrial levels to as 
early as 2035–40. Keeping as much carbon as possible within the 
permafrost in the near-term, by maintaining lower temperatures 
in the Arctic and alpine permafrost regions, is therefore an issue 
of global importance.
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2.7.3	Sea-level Rise

A rise in the level of the world’s oceans occurs from melting land 
ice (not sea ice), as well as thermal expansion as overall global 
temperature rises: warmer water takes up more space than colder 
water. Various factors such as the earth’s spin, ocean currents, and 
gravity also cause sea-level rise to be non-uniform across the globe. 
The greatest relative increase is expected to be near the equator 
(especially Western Australia, Oceania, and small atolls and islands, 
including Hawaii and Micronesia) (Spada et al. 2013). Recent observa-
tions have noted accelerated sea-level rise in the northeastern United 
States at 3–4 times that of the global mean (Sallenger et al. 2012). 

The 2011 SWIPA report revised earlier estimates of sea-level 
rise based on observations of accelerated ice loss from Greenland 
and land glaciers; these are factors the previous IPCC Assess-
ment Report (AR4, 2007) could not take into account. SWIPA 
noted that accelerating melt from Arctic glaciers and ice caps, 
at approximately 40 percent of the total sea-level rise, was con-
tributing much more than previously thought. SWIPA therefore 
revised AR4 estimates upward to between 0.9–1.6 meters in 
sea-level rise by 2100 (SWIPA 2011). 

In its recently-released AR5 report, the IPCC increased its 
estimates from 2007, projecting about 0.5–1meter sea-level rise 
by 2100; this is still lower than SWIPA. This is primarily because 
SWIPA and similar estimates rely on more empirical approaches, 
whereas the IPCC ultimately found such approaches not suf-
ficiently tested to use in its latest assessment.7 

Neither SWIPA nor IPCC estimates take into account the pos-
sibility of rapid disintegration (dynamical or non-linear ice dis-
charge) of the West Antarctic Ice Sheet (WAIS). Like all sea-based 
ice sheets, it is inherently unstable and subject to rapid changes, 
as seen in the collapse of the far smaller Larsen B Ice Shelf on the 
Antarctica Peninsula, which lost over 2,500 km2 (1,000 square miles) 
in the space of a few days in March 2002. Although an increase in 
discharge from West Antarctica has been observed in recent years, 
too little is understood about the processes around the possible 

disintegration of the approximately 2 million km2 WAIS to include 
in current projections. Such disintegration has, however, fairly 
clearly occurred in the geologic past (Pollard and DeConto 2009). 
The WAIS could therefore contribute significant global sea level 
rise—or very little—over the next century (Bamber et al. 2009). A 
total disintegration would raise global sea level from 3.3–5 meters, 
but in highly uncertain time spans of 100–1000 years.8 AR5 did 
note that such a collapse could result in up to “several” decimeters 
in additional sea-level rise during this century.

Recent studies have indicated that sea levels may have peaked 
at 4–9 meters higher9 than today’s levels in the Eemian (125,000 
years ago), the geologic period closest to current temperatures 
and CO2 levels.10 Much of that sea-level rise appears to have come 
from West Antarctica, rather than Greenland as believed earlier 
(Bamber and Aspinal 2013). 

In the case of both Antarctica and Greenland, some research 
indicates that today’s melting could set in motion processes 
that may prove difficult to stop, even with stable or falling 
temperatures globally by the end of this century. Some simula-
tions show a loss of the Greenland ice sheet at ranges within the 
current 400ppm of CO2 (Stone et al. 2010). AR5 noted with high 
confidence that some threshold exists beyond which a near-total 
loss of the Greenland ice sheet would occur, which could result 
in up to six meters of sea-level rise occurring over a 1000-year 
period. AR5 set that threshold between one degree (which has 
already passed) and four degrees, but with lower confidence at 
the lower temperature ranges.

Sea-level rise thus may occur slowly, but failure to slow 
rapid warming in these regions soon enough may commit us 
to future sea-level rise that would threaten many of the world’s 
largest population centers—especially in developing countries. 
This threat comes not just from sea-level rise but also from sea-
level rise combined with extreme events, including offshore 
winds and tidal surge (such as that of Hurricane Sandy in the 
north-eastern United States in 2012). These events could lead to 
enormous and costly infrastructure damage.

Endnotes
1	 See, for example, IPY science summaries (www.ipy.org) and Melting Ice (regeringen.no\melting ice). 
2	 All temperatures in this report are in degrees Celsius.
3	 See www.amap.no/swipa.
4	 Arctic Monitoring and Assessment Program(2013). 
5	 UNEP Global Environmental Alert Service (2012). 
6	 República de Argentina Annual Report to UNFCCC (2007).
7	 AR5’s 2013 figure took into account more factors than AR4, but chose not to include others included by SWIPA due to continuing difficulty in estimating their scale of 
contribution. AR5’s estimate should therefore not be seen as a “lower” estimate but rather one that chooses not to include certain elements until they can be more precisely 
quantified.
8	 O’Reilly, Oreskes, and Oppenheimer (2012). The Rapid Disintegration of Projections: the West Antarctic Ice Sheet and the Intergovernmental Panel on Climate Change. 
Social Studies of Science. 42(5):709–731.
9	 Dutton and Lambeck (2012). Ice Volume and Sea Level During the Last Interglacial. Science 337 (6091):216–219 
10	 Today’s CO2 levels over 400ppm are now actually higher than in the Eemian.
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The Role of Short-lived Pollutants  
in Cryosphere Protection

3.1	 Early Arctic and Himalayan Work

In the early 2000’s, a number of researchers began looking at the 
role black carbon and tropospheric ozone were playing in Arctic 
and Himalayan warming and melting; and conversely, what benefits 
might be achieved from their reduction.1 Researchers gathered in 
New York in 2006 and Oslo in 2007 to discuss these findings; and 
in 2008, AMAP held the first official meeting focused exclusively 
on the role of these pollutants in Arctic climate change. The 
Arctic Council published initial findings in 2009 (AMAP 2009) 
and in May of that year the Council’s ministerial meeting and a 
related Norwegian initiative, Melting Ice, highlighted the role of 
black carbon, ozone, and methane globally at both the ministe-
rial meeting and at the 15th Conference of Parties to the United 
Nations Framework Convention on Climate Change (COP-15).2 
The Council commissioned AMAP and a special technical task 
force to continue exploring mitigation options. Additional reports 
were published at the Nuuk and Kiruna ministerial meetings in 
2011 and May 20133, respectively (AMAP 2001). 

At the same time, researchers involved in the Atmospheric 
Brown Cloud Programme (ABC), mainly sponsored by Swedish Sida 
with the United Nations Environment Programme (UNEP) as its 
Secretariat, began noting the potential regional climate co-benefits 
to the Himalayas of their work to cut pollution for health reasons 
in South Asia and South East Asia. The ABC Programme, formally 
initiated in 2002, developed in phases and at a 2008 meeting in 
Kathmandu; it firmly established the links between greenhouse 
gases, air pollution, and climate change. Countries such as India, 
China, and Nepal started long-term research programs on glaciol-
ogy and related issues to study all aspects of Himalayan glaciers; 
with the impact of black carbon also a major topic of concern for 
the regional monsoon regime, water budgets, agricultural produc-
tion, and human health.

3.2	 Slowing Near-term Warming: The 
UNEP/WMO Assessment

In 2011, UNEP and the World Meteorological Organization (WMO) 
joined forces to produce the Integrated Assessment of Black Carbon 
and Tropospheric Ozone (the Assessment), a first effort to look 
at the potential to slow warming globally through reductions in 
particle pollution (black carbon) and ozone precursors. These pol-
lutants, which previously had been considered as classic air pollut-
ants only, also impact climate change in the near-term. Methane, 
which is regulated under the Kyoto Protocol as a greenhouse gas, 
is considered increasingly relevant for air quality purposes due to 
its impact on ground-level (tropospheric) ozone.4 

The Assessment began with over 2000 measures (mostly 
technical ways to reduce these pollutants) and modeled their 
impacts on health, crop yields, and climate. For a measure to be 
included in the Assessment, it needed to combine health-crop 
benefits with climate benefits, taking into account all emissions 
from that source. The first phase of the Assessment found that 
nearly 90 percent of the climate benefits came from just 16 of 
these measures. More detailed global modeling for those sixteen 
measures followed the initial screening process in a study involv-
ing over 150 authors and reviewers.

 A number of policy actions have resulted in the years since. 
The Swedish government funded a UNEP Action Plan5 that included 
additional regional-level work on health and crop benefits, as well 
as regional applicability of the different measures. While not a 
full atmospheric modeling effort, it provided useful information 
on possible future mitigation priorities for Asia, Africa, and Latin 
America. 

In February 2012, six nations founded the Climate and Clean Air 
Coalition to Reduce Short-lived Climate Pollutants,6 headquartered 
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at UNEP’s Paris office. At the time of publication of this report, 
this coalition includes 34 state and 36 non-state Partners. The Con-
vention on Long-range Transboundary Air Pollution‘s Gothenburg 
Protocol in December 2012 agreed to a revision of the Protocol to 
include consideration of black carbon as a constituent of particle 
pollution, following the 2011 recommendations of a special black 
carbon working group. At a meeting in New Delhi, in January 
2013, the BASIC7 Ministerial meeting agreed to begin a program 
on black carbon research and potential policy actions, coordinated 
by the Divecha Centre for Climate Change in Bangalore.

Neither the Assessment nor the Action Plan focused on 
cryosphere regions per se. The Assessment did, however, note 
one intriguing response based on latitude bands: a temperature 
decrease in the Arctic as a result of the mitigation measures was 
nearly twice that of the globe as a whole. Indeed, late in the 
evaluation stage of the Assessment, modelers were able to add 
one additional measure aimed primarily at a northern European 
source of black carbon—replacement of wood logs by pellets in 
biomass stoves—and were surprised that this single measure 
led to about 15 percent greater cooling in modeling of the Arctic 
region: a full one-tenth of a degree, an extremely large result in 
global modeling terms (Figure 4, below).8 

This was the only measure modeled singly, and the Arctic 
was the only region characterized in the Assessment using the 
full suite of Assessment models: ECHAM, developed by the Max 
Planck Institute for Meteorology in Hamburg and run by the EU’s 
Joint Research Centre in Ispra; and GISS from NASA’s Goddard 
Institute in New York. Rapidly accelerating cryosphere changes—
including the increasingly-thin, shrinking, and unstable ice in the 

Arctic Ocean and Western Antarctic Ice Sheet—have highlighted 
the need for a cryosphere-specific study of the potential mitiga-
tion of black carbon, methane, and ozone both for the benefit of 
these regions and the globe.

3.3	 Why Short-lived Pollutants Have 
Greater Cryosphere Impact

As noted above, measures aimed at methane, ozone, and especially 
black carbon have a greater positive impact on slowing warming 
in the Earth’s cryosphere. Much of this greater response arises 
from the greater impact of black carbon emissions over the highly 
reflective surface of ice and snow. No source emits “pure” black 
carbon; instead, each source emits a different and complex mix-
ture of pollutants that impact both health and climate. While the 
health impacts of these sources are well documented, uncertainty 
remains over the climate impacts globally, especially from biomass 
sources such as open burning and stoves. This is because bio-
mass sources include more “light-colored” substances, especially 
organic carbon, which reflect sunlight and might therefore cool 
the atmosphere. Black carbon particles might also lead to greater 
cloud formation, and clouds also reflect sunlight.

However, black carbon researchers today have reached a general 
consensus that, over snow and ice, there is far less uncertainty about 
climate impacts from black carbon sources—even from biomass 
sources. This is because the cooling impacts from the lighter-colored 
organic carbon, sulfates, and clouds primary occur over a surface 
that is darker to begin with. Such a “cooling” impact is absent over 
a surface that is already white and highly reflective, such as ice and 
snow. Thus, atmospheric scientists and modelers are more confident 
that measures aimed at black carbon from biomass burning (e.g., 
stoves for both cooking and domestic heating, field burning) will 
have a beneficial climate effect in high alpine and polar areas that 
have snow and ice cover as well as positive health impacts.9 These 
same biomass sources may also lead to higher ozone levels in the 
Arctic, especially, which could hasten springtime melt as ozone is 
a powerful short-lived climate forcer (AMAP 2008). 

The ABC Programme, Arctic Council, and UNEP Assessment all 
pointed the way for a cryosphere-specific modeling study. While 
this study—like the prior UNEP/WMO Assessment—models SLCP 
impacts everywhere, the focus in this report is on the cryosphere 
regions due to their significant regional and global impacts as well 
as the greater certainty attending black carbon climate impacts 
in these regions.

The window for cryosphere-focused action is fast closing, and 
this study assumes action by 2030. Several studies referred to in 
Chapter 2 raise the risk of irreversible (within millennia timeframes) 
cryosphere processes that could commit us to feedbacks around 

Figure 4: Impact of SLCP Measures on Warming by Latitude 
from the UNEP/WMO Assessment (2011)

Note: Reduced Arctic warming by over 0.7°C by 2040 compared to the 
reference scenario, with measures taken 2010–2030. Mitigating ~2⁄3 of projected 
rise degrees warming. Global and regional temperature change relative to 
the reference scenario (hybrid modelling of GISS, ECHAM informed by the 
literature).
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sea-level rise, permafrost, or albedo by mid-century within the 
next few decades if temperature rise in the cryosphere continues 
unabated. Some cryosphere scientists—alarmed at the rapid and 
accelerating changes shown by their research—have begun to 
advocate for geo-engineering in the cryosphere and on larger 

scales, with extremely uncertain impacts to regional and global 
ecosystems.10 It is the hope of this study to provide some insights 
into more effective, sustainable, developmentally appropriate, and 
less uncertain mitigation options before it becomes too late for 
many of these cryosphere regions to be preserved.

Endnotes
1	 See, for example, Menon et al. (2002). 
2	 Melting Ice: Regional Dramas, Global Wake-up Call (2009): www.regjeringen.no.
3	 Arctic Council SLF TF 2011, 2013
4	 Ozone in the context of this report refers to tropospheric or ground level ozone, which contributes to the formation of smog; this is not to be confused with stratospheric 
ozone. 
5	 UNEP Policy Brief: Towards an Action Plan for Near-term Climate Protection and Clean Air Benefits.
6	 Some hydroflourocarbons (HFCs), used in refrigeration, are also short-lived; they are included in CCAC initiatives as short-lived climate pollutants. For near-term cryo-
sphere benefits, they do not have the differentiated impact of black carbon and methane over ice and snow, and their atmospheric concentrations today are relatively small. 
Thus their chief potential lies in avoiding future catastrophic warming by substituting other chemicals for cooling compounds that do not have such negative climate impacts.
7	 China, India, South Africa, and Brazil.
8	 All temperature measurements in this study use degrees Celsius (C).
9	 See especially Bond et al. (2013).
10	 Physics Today 66:17 (2013). “Scientists Alarmed by Rapidly Shrinking Arctic Ice Cap.”
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Methods, Measures and Reductions

4.1	 Improvements in Models, Emissions 
Estimates, and Cryosphere Impacts

This chapter briefly outlines the modeled black carbon reduction 
measures and methods, including improvements in the modeling 
underlying this report since the UNEP/WMO Assessment. Annex 
2 outlines the modeled basis for each measure, modeling param-
eters, and assumptions in greater detail.

The UNEP/WMO Assessment identified 16 reduction mea-
sures, and broke important new ground in quantifying the over-
all potential benefits of short-lived pollutants for health, crops, 
and climate. These mitigation options were chosen from more 
than 2,000 possible measures because initial analysis indicated 
that they: (1) provided both health/crop and near-term climate 
benefits; and (2) were currently in use around different regions 
of the world. Other pollution mitigation measures might improve 
health or bring other important environmental benefits but also 
speed warming (a classic example is the use of low-sulfur fuels; 
uses of these fuels improves human health and avoids acid rain 
but could result in local warming). The Assessment also did not 
include energy efficiency measures, or technologies that might 
prove applicable in the future but have not yet been successfully 
disseminated (such as electric cars or vaccines aimed at decreas-
ing methane from enteric fermentation in cattle).

The UNEP Assessment measures were chosen for technical 
feasibility and their successful implementation somewhere; the 
Assessment did not, however, evaluate the black carbon and 
methane measures from a cost-benefit point of view for individual 
countries or regions. The subsequent UNEP-Science Policy Brief 
(“Towards an Action Plan for near-term Climate Protection and 
Clean Air Benefits”) did begin to assess costs. Cost-benefit con-
siderations will of course differ from country to country, based on 
national capacity, health, and/or environment goals. Nevertheless, 
on a global scale the mitigation measures in the Assessment did 
prove unique in their ability to slow warming in the near-term 

while improving health and/or crop yields through technologies 
currently in use with potential for scale-up.

Since the Assessment, updates and/or improvements have 
occurred in the underlying emissions data, in estimates of how 
the measures might impact emissions, and in the way the mod-
els show the impact of reductions. This is especially the case for 
stoves, both heating and cooking; for open burning; and for oil 
and gas flaring. The understanding of the amount of forcing by 
black carbon has also improved, per the discussion in Chapter 
3, especially over cryosphere regions. These improvements are 
reflected in data used for this report.

Although it also assesses methane measures, this report’s 
modeling focused primarily on demonstrating the benefits of 
black carbon measures because of their importance to both local 
health and to potentially slowing warming in nearby cryosphere 
regions. It involved three separate modeling teams, two of which 
also participated in the UNEP/WMO Assessment. The teams used 
a total of four different global atmospheric models deployed for a 
variety of forecasting purposes, from air pollution to the reports 
of the Intergovernmental Panel on Climate Change (including 
AR5). More than 40 experts in climate modeling, health benefits, 
and agriculture were invited to review the methodologies sum-
marized in Annex II. Many of the 100+ UNEP/WMO Assess-
ment reviewers, supplemented by over three dozen additional 
new cryosphere researchers and policymakers, were also invited 
to assess the results and provide comments. In addition to the 
modeling teams, ICCI, and World Bank teams, nearly 60 scien-
tists, experts and policymakers provided comments or otherwise 
contributed to the report.

The modeling teams for the first time considered the impacts 
of black carbon measures individually. This yielded global map-
ping that indicates which black carbon measure(s) have the 
greatest impact on which cryosphere region(s). These results 
were then run through three sets of assumptions about black 
and organic carbon’s radiative forcing, an issue which remains 
in some dispute due to different estimates as to their effects on 
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complicated factors such as cloud formation, how much black 
carbon warms at different levels in the atmosphere, and espe-
cially in the cryosphere context, and its warming impact once 
it lands on snow or ice. The UNEP/WMO Assessment used one 
set of figures for these impacts. A subsequent extensive study 
(also referred to as the “bounding BC” study) by over 30 lead-
ing black carbon experts attempted to better define figures for 
these different impacts (Bond et al., 2013). The report includes 
estimates for both sets of assumptions, as well as an indepen-
dent model, GISS-E2, which calculates forcing values internally 
within the model itself (including aerosol indirect effects (AIE); 
hereafter GISS AIE).

In the cryosphere context, where measured warming already 
has occurred so rapidly, it is important to note that the modeling 
assumes that implementation of these measures begins today and 
is completed by 2030—with resulting health and crop benefits 
measured at 2030 and climate benefits analyzed at 2050 due to 
the slower response of the climate system. Like the UNEP/WMO 
Assessment, the modeling does not delve into an analysis of cost 
or feasibility; these factors depend very much on local, regional, 
and national conditions and policy goals. For baseline and mod-
eled emissions reductions, the modeling used the International 
Institute for Applied Systems Analysis (IIASA) GAINS estimates 
for methane and black carbon sources, which assumes certain 
actions will already be taken by 2030 but does not assume that 
(for example) so-called “negative cost” actions will be taken by 
developing countries in that time frame.1 See Table 1 for modeled 
black carbon measures.

For health benefits, this report employs both the FASST method 
(UNEP 2011) developed by the EC’s Joint Research Center, also 
used in the Assessment, and a global version of the Environmental 
Benefits Mapping and Analysis Program (BenMAP), a new tool 
developed by the U.S. Environmental Protection Agency.2 In addi-
tion, it uses a new tool being developed for the Global Alliance for 
Clean Cookstoves in consultation with UC-Berkeley to characterize 
household (indoor) air health benefits for two test cases (Nepal and 
Peru). Recent studies have associated the smallest of particles—
which would include black carbon—with the most severe health 
effects from local particle pollution (and especially from diesel).3

Assessment of crop benefits also uses the FASST tool. In addi-
tion, an estimate of forestry benefits, using a new tool developed 
for this study by the Stockholm Environment Institute, York (UK) 
has been added. This tool, while not yet published, has been 
reviewed by appropriate peer experts for this report. 

The methane measures have changed little since the Assess-
ment, since modelers and inventory experts have long measured 
methane emissions due to methane’s status as a Kyoto gas. Unlike 
for black carbon, virtually all countries keep track of methane 
emissions and report them regularly to the UN Framework Con-
vention on Climate Change (UNFCCC) either voluntarily or as 
part of their Kyoto commitments. Owing to the relatively long 
atmospheric lifetime of methane, the impact of reductions will be 
evenly distributed in the earth’s atmosphere. The change in radia-
tive forcing resulting from these reductions is, however, stronger 
in some regions, especially the Arctic (twice the global mean) and 
Antarctic (20–50 percent higher than the global mean). 

a Except where otherwise noted, these are taken from calculations by IIASA on “maximum feasible reductions” as stated in the UNEP/WMO assessment This means 
that IIASA has calculated the maximum amount by which reductions could take place using existing technologies relative to a reference case that assumes current 
emission levels continue, except for currently passed legislation or planned regulation. This does not take into account cost, which for some reduction measures can 
be expensive; nor does it take into account new technologies not yet available on the market or which could be developed in the future (e.g., even more efficient 
woodstoves). 
b One UNEP/WMO measure, Brick Kilns (replacing traditional brick kilns with improved production technologies), was not included as characterizing emissions and 
impacts accurately is a focus of ongoing work.  Future modeling should be able to incorporate this measure – likely of great importance in the Himalayan region – in 
the near future.

Table 1: Black Carbon Sources and Modeled Reduction Measures Assesseda

Modeled Black Carbon Measuresb

Road Diesel Diesel road vehicles comply to Euro 6/VI standards (includes particle filters)

Off-road Diesel Diesel off-road vehicles comply to Euro 6/VI standards (includes particle filters)

Heating Biofuel Replacing current residential wood-burning technologies with wood pellet stoves and boilers

Heating Coal Replacing chunk coal fuel with coal briquettes for residential household heating

Cookstoves Biofuel Replacing current biofuel cookstoves with forced draft (fan-assisted) stoves

Cookstoves Biogas/LPG Replacing current solid biofuel cookstoves with stoves using biogas (50%) or LPG (50%)

50% Biomass Burning Reduction of all open burning worldwide by 50 percent

90% Eurasian Fires Reduction of open burning in northern Eurasia to EU levels

Flaring Reduction of BC emissions from gas flaring at oil fields to best practice levels
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4.2	 Stoves 

These measures include stoves using biomass fuel (primarily 
wood, but also agricultural residue and dung cake in some regions) 
used for cooking or heating (occasionally, combined cooking and 
heating). Emissions from biomass-based stoves have been asso-
ciated with higher levels of some cancers, respiratory illnesses, 
and deaths, especially among children under age five and women 
cooking over open flames inside the home. 

Modeled Stove Measures

Cooking Stoves

Two distinct measures were modeled for cooking stoves: 

Replacement of current biomass stoves for cooking by stoves 
that incorporate fans, which improves combustion.

Replacement of current biomass stoves for cooking by a 50–50 
mix of stoves using LPG and stoves using biogas.

These measures were modeled in separate runs. In reality, 
replacement with LPG and biogas may not be possible in many 
rural communities. These runs are an improvement over the 
UNEP/WMO Assessment modeling, with more precise emissions 
inventories and BC/OC coefficients from stoves. The Assessment 
climate modeling only looked at removing all black carbon 
from stoves rather than testing two specific reduction methods; 
this effort allows a comparison between the two in health and 
climate terms.

Heating Stoves

Biomass Heating Stoves: Replacement of current wood stoves and 
residential boilers used for heating by pellet stoves and boilers. 

This measure primarily applies in North American and Europe 
(primarily the northern tier of countries), where there have been 
recent increases in the use of wood for heating. The measure also 
for the first time includes seasonal inventories, better reflecting 
actual use patterns where wood burning for heating occurs during 
the colder part of the year.

Coal Heating/Cooking Stoves 

Replacement of chunk coal fuel with coal briquettes. 

This measure applies to some countries in Eastern Europe, 
where coal remains a plentiful fuel source at the household level; 

to China; and to some Himalayan communities. As with biomass 
heating stoves, this measure now includes more realistic seasonal 
use patterns. Many coal stoves provide at least some cooking 
potential as well.

4.3	 Diesel

Diesel land transport (automobiles and trucks); off-road diesel 
vehicles, such as construction or farming equipment, snowmobiles, 
etc. Diesel generator use is a growing and potentially important 
source, but the emissions estimates do not yet exist that would 
have allowed their inclusion in this study. Emissions from diesel are 
very high in percentage of black carbon, second only to kerosene 
lanterns, and have been associated with a number of health issues 
(primarily respiratory and cardiac, but also cancers).

Modeled Diesel Measures

On-road diesel vehicle and associated fuel improvements.

Off-road diesel vehicle and associated fuel improvements, 
including equipment used in construction, farming, and the like. 

This measure involves replacement of land and off-road vehicles 
either by new lower emitting vehicles (EURO VI standards) or by 
retrofitting vehicles with particle filters.4

4.4	 Open Burning

New to this study, all fires as observed by MODIS satellite (which 
detects fires as small as 50 m2 in size) were mapped. This primar-
ily includes set fires for agricultural or forestry purposes; pasture 
fires; and forest and grass fires caused by accident from human 
activity, including those spreading unintentionally from set fires 
(very few fires globally begin with lightening strikes outside of 
the high Arctic boreal or some high altitude forests) (Peterson 
et al 2010). 

It is important to note that estimated emissions from such burn-
ing include a larger number of substances than from most other 
sources—not just black carbon, but also other warming agents, 
(e.g., carbon monoxide (CO) and methane) and cooling agents such 
as sulfates and organic carbon. As with stoves, this combination, 
including the lighter substances (such as organic carbon), still 
leads to higher radiative forcing over cryosphere regions. The sheer 
size of fire emissions makes them a major black carbon source in 
climate terms; it also causes significant infrastructure damage and 
health problems. In addition to 50 deaths and over 2000 damaged 
buildings caused directly by the 2010 fires in Russia, for example, 
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the Russian Economic Development Ministry reported that over 
55,000 additional deaths occurred there (compared to 2009) from 
the combination of fire pollution and extreme heat during July 
and August (IFFN-GFMC 2011). 

At this time, fire emissions estimates do not include peat fires, 
which can emit large amounts of methane or CO2, as these are 
generally not detectable by satellite and can burn underground 
for an entire summer season.

Modeled Open Burning Measures

A 50-percent reduction in open burning globally.

A 90-percent reduction in open burning in northern Eurasia.

For the purposes of this report, the main reduction measure 
assumes a decrease of 50 percent in all regions, as measured by 
satellite data. This 50-percent figure likely represents an overes-
timate of potential control of fires in high boreal areas, which 
are sparsely populated and where estimates range from 30–50 
percent for lightning or spontaneous combustion fires; and an 
underestimate of maximum feasible reductions in other regions, 
where the percentage of lightning-caused fires is estimated at 
well under 5 percent (i.e., a highly conservative estimate). This 
is reflected in the second modeled open measure, which assumes 
a 90-percent decrease in fires in northern Eurasia. This figure is 
based on a satellite comparison of this region (defined as 45–60 
degrees North and 30–140 degrees East) to regions in similar 
Western European land areas where burning is strictly regulated; 
the satellite comparison was conducted for this study and shows 
a 90-percent decrease in fires in the region.

4.5	 Flaring from Oil and Gas

Locations of flares are determined by DMSP and MODIS satellite 
data, with volumes of flared gas characterized by the World Bank’s 
Global Gas Flaring Reduction Initiative. It should be noted that 
this study does not include a potentially significant new source 
of flaring which may be occurring in connection with shale gas 
extraction in North America, which is increasingly being detected 
by nighttime satellite data (VIRRS).

Modeled Flaring Measure

Introduction of flaring best practices per Norwegian and Danish 
regulations.

Some flaring by the oil and gas industry is inevitable, but these 
standards cut flaring to only those circumstances that require it 
and ensure more complete combustion. This study improves the 

measure through better spatial resolution of the exact location 
and magnitude of flares, building strongly on the work of the 
EU-supported ECLIPSE Project.

4.6	 Note on Black Carbon Measures 
Not Included

The UNEP/WMO Assessment showed little overall global impact 
from brick kilns, probably because current emissions estimates 
are lower than reality and/or do not adequately reflect location. 
Brick kilns may prove especially important in relation to the 
Himalayas, where local kilns may have large health and climate 
impacts. Indeed, an estimated 100,000 kilns in the Indo-Gangetic 
Plains are potentially upwind of the Himalayan cryosphere, so kilns 
should be incorporated in future studies there.5 As noted above, 
diesel generators are also a source that may prove important but 
that need improved data on emissions patterns.

The UNEP/WMO Assessment did not include coal-fired power 
plants because their emissions of sulfates cool the atmosphere, 
and few particles (including black carbon) are emitted with cur-
rent emission control technology on plant smokestacks. However, 
particle emissions, especially from older plants lacking emission 
control technologies, can lead to difficult air pollution problems 
in some regions. The particles emitted from such plants may have 
a significant forcing effect near glaciers and snowpack, even with 
sulfur emissions taken into account; this potential impact remains 
to be studied.

In addition, the modeling did not include shipping or air trans-
port. As a result of the efficiency of jet engines, they produce little 
black carbon—though they can have extremely localized effects 
on stratospheric ozone and cloud formation. ICAO has kept this 
issue under review, considering aircraft design, fuels, combustion 
efficiency, and flight operations.

The release of greenhouse gases and air pollutants from 
international shipping has a complex effect on the climate: 
greenhouse gas emissions have a warming effect while some 
co-emitted air pollutants actually lead to cooling. In some areas, 
ships can contribute up to 20–30 percent of the local fine particu-
late matter (PM 2.5), and up to 15 percent of ground-level ozone 
concentrations (European Environment Agency 2013). Shipping 
represents less than three percent of total anthropogenic black 
carbon emissions globally and also produces significant levels 
of ozone precursors; modeling at this stage, however, is unable 
to capture the impacts. Studies on Svalbard in the Arctic have 
indicated that local emissions from shipping may be the largest 
source of deposited black carbon in the Svalbard archipelago, 
and it likely represents one of the larger sources for Antarctica 
as well. As sea ice melts and commercial activities increase, 
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especially in the Arctic, this source should be taken into account 
in any proposed policy actions aimed at preventing additional 
warming in the polar regions.

4.7	 Methane Sources and Modeled 
Reduction Measures

Methane is a greenhouse gas in the Kyoto Protocol basket of 
greenhouse gases (GHGs). The Protocol aims at controlling emis-
sions of greenhouse gases from Annex I countries in a 100-year 
timeframe. In contrast to the other GHGs under the Kyoto Proto-
col, methane is also considered a short-lived climate pollutant. 
This is due to its relatively short lifetime in the atmosphere (12 
years) as well as its contribution to the formation of ground-level 
ozone, which along with particle pollution is one of the primary 
constituents of smog.

Since it does last several years, methane emitted in one region 
mixes in the atmosphere and spreads out nearly evenly around 
the globe (with slightly higher concentrations in the Arctic). This 
means that methane reductions do not carry the same localized 
benefits as black carbon; instead, reductions anywhere will have 
the same final impact on methane concentrations. The percentage 
of globally distributed methane reductions from each measure is 
shown in Table 2; they are also reflected in the regional results 
to ensure these substantial methane reduction benefits are taken 
into account.

It must be stressed, however, that even with methane con-
centrations fairly evenly distributed around the globe, the climate 
and air quality impacts of methane can be different in different 
regions. In general, methane reductions have greater air quality 
benefits where other ozone precursors are already well-controlled. 

Methane’s climate impacts tend to be greater at the poles, and also 
greater over land areas than open ocean. These differences will 
be discussed at greater length in the section on global impacts.

Since methane is a Kyoto gas, the costs of reduction per ton of 
methane have been reasonably well quantified; this cryosphere-
focused study has not repeated any of the UNEP/WMO work aimed 
at modeling climate impacts, but instead used the results from 
10 models prepared for IPCC AR5 to better reflect the cryosphere 
climate impacts from methane. 

4.7.1 Fossil Fuel Extraction

By far the largest group of methane measures involves various 
activities associated with fossil fuel extraction. These represent 
more than 60 percent of the total potential reductions from methane 
measures. CO2 emissions occur from the “tailpipe” end of fossil 
fuel combustion and use, and methane emissions arise from their 
“front end” extraction.

Mining Operations

Methane released from ventilated air during the mining process, 
especially from coal.

Modeled Mining Measure
Capture of methane (may be used as an energy source) or 
degasification prior to the mining process.

Oil and Gas Production 

In addition to flaring resulting in black carbon, some amount of 
methane escapes during oil and gas operations (especially “fugi-
tive” emissions during the exploratory phase).

Table 2: Methane Sources and Modeled Reduction Measures Assessed (showing percentage of emissions reductions globally per 
measure)

methane Measures

Mining Capture of methane or degasification prior to the mining process (31.1%)

Oil and Gas Production Capture or reinjection of fugitive methane emissions, where feasible, with reuse (30.3%)

Oil and Gas Pipelines Reduced leakage through improved monitoring and repair (4.9%)

Landfills Recycling, composting, and anaerobic digestion and capture for reuse (20%)

Wastewater Upgrade of treatment to include gas capture and overflow control (2.7%)

Livestock Anaerobic digestion and capture of methane (4.4%)

Rice Paddies Intermittent aeration: fields remain continuously flooded with only occasional exposure to air (6.6%)
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Modeled Oil and Gas Measures 

Capture or reinjection of fugitive methane emissions, where 
feasible, with reuse. 

For pipelines, reduced leakage through improved monitoring 
and repair. 

Note that flaring of emissions is not considered a viable reduc-
tion measure for near-term health or climate benefits, as this can 
produce black carbon and other particle pollution unless flaring 
is done extremely efficiently. Reuse, on the other hand, can result 
in a decrease in black carbon emissions, with numerous health 
and development benefits (e.g., when the captured gas is used for 
LPG/biogas cookstoves or to replace diesel with gas engine gen-
erators). This added co-benefit is not yet captured in the modeled 
measure; the potential exists, however, for far greater secondary 
use of fugitive emissions than exists today.

It should also be noted that the GAINS estimates used do 
not yet include fugitive methane emissions from either the 
newer fracturing-and-extraction method or from shale gas. 
Both methods can result in large methane leakage. As with 
more conventional oil and gas extraction methods, there exist 
industry standards that can minimize such leakage to a very 
large degree; a voluntary consortium has been formed in the 
United States to promote these methods (Center for Sustainable 
Shale Development CSSD). 

Leakage from long-distance transport pipelines occurs to an 
especially large extent in northern latitudes where shifting per-
mafrost leads to breakage and where monitoring presents a chal-
lenge due to the extreme environment. Such measures can prove 
extremely cost-effective for producers, and have provided one of 
the more successful project areas under the Clean Development 
Mechanism (CDM).

4.7.2 Waste

Landfills

Modeled Landfill Measure

Recycling, composting, and anaerobic digestion and capture 
for reuse.

As garbage decays in landfills, it releases large amounts of 
methane gas, which can leak from under the ground even decades 
after burial. Note that under the model this also includes flar-
ing of the gas, which might lead to release of black carbon and 

should therefore not be considered an acceptable alternative 
to reduce black carbon emissions. Recapture and use of gas as 
biogas for fuel, including for automobiles, may occur as part of 
the collection process; existing landfills may also be retrofitted 
with gas collectors.

Wastewater 
Handling and treatment of sewage and stormwater runoff.

Modeled Wastewater Measure 

Upgrade of wastewater treatment to include gas capture and 
overflow control.

This measure involves improved handling and treatment of 
sewage and stormwater runoff; in many cases in developing coun-
tries, this involves the total introduction of such systems where 
they do not exist. Note that health estimates for this measure 
do not include improvements from better control of waterborne 
diseases, a large cause of illness around the world (second in the 
current Global Burdens of Disease list).

4.7.3 Agriculture

Agriculture represents one of the largest sources of methane 
globally, including some from open burning and especially when 
wildfires spread to peat as noted above. The largest sources of 
agricultural methane emissions however include livestock and 
wet agricultural methods, especially rice cultivation. 

Livestock

Methane emissions arise from manure, primarily from cattle and 
pigs, as well as enteric fermentation from cattle.

Modeled Livestock Measure

Anaerobic digestion and capture of methane
 
Livestock is a large and growing source of methane globally as 

demand for meat-based diets rises. The only practical measure at 
this time involves anaerobic digestion and capture of methane for 
fuel on large-scale cattle and pig farms. Relatively new commercial 
technologies, especially in Sub-Saharan Africa, have adapted this 
technology for small farm and household use, with direct conver-
sion of the methane capture to biogas used for cooking—and even 
conversion to small-scale electricity generation (e.g., for charging 
of cell phones). 
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Rice Paddies 

Methane is generated from wet cultivation of rice due to flooding 
and the subsequent draining of the rice fields; the decaying crop 
residue remaining after the fields are drained emits methane.

Modeled Rice Paddy Measure 

Intermittent aeration: Fields remain continuously flooded with 
only occasional exposure to air.

Endnotes
1	 Greenhouse Gas – Air Pollution Interactions and Synergies (GAINS). See http://gains.iiasa.ac.at/models/.
2	 The tool is accessible at http://www.epa.gov/air/benmap/.
3	 International Agency for Research on Cancer (2012). 
4	 This measure was assessed as a ”high cost” measure relative to some of the others in the UNEP Action Plan (2012), and consideration of cost and feasibility should be 
assessed in a country-specific context.
5	  Shakti Sustainable Energy Foundation (2012). 
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Cryosphere Benefits:  
Where Health and Climate Intersect

The following section summarizes the modeling results 
for each cryosphere region. It also looks at global, “pan-
cryosphere” impacts such as sea level-rise, as well as health 

and crop benefits.
As noted earlier, proximity matters when it comes to the cli-

mate impact of black carbon. Sources of black carbon emissions 
have their greatest impact on nearby cryosphere regions because 
most black carbon falls out of the atmosphere relatively quickly. 
The health impacts from black carbon and other particle pollution 
from these same sources are even more local—and strongest clos-
est to the source. The health impacts from transport sources such 
as diesel, for example, are higher along highly-trafficked streets 
compared to routes just a few blocks away. For this reason, the 
health benefits of BC source reductions have been defined for what 
this study terms the primary BC source areas for each of the five 
major cryosphere regions studied (Table 3). 

For the Arctic, the primary BC source regions include Arctic 
Council nations plus some countries in northern Europe. For the 
Himalayas, Andes, and East African Highlands, source regions 
include countries that contain some portion of these highlands or 
mountains. In the case of Antarctica, which is distant from any 
black carbon source, health results are assessed for the extreme 
southern tier of nearby continents; here, however, the “source 
region” relationship is far weaker than for any other cryosphere 
region. There is some observational evidence that these areas 

may contribute greater relative black carbon impacts, especially 
on the Antarctic Peninsula (e.g., from tracking of smoke clouds 
from wildfires in Australia or Patagonia).

For health, outcomes are expressed in terms of avoided deaths 
in the source regions, using the BenMAP tool1 which calculates 
health benefits of avoided emissions relative to baseline health 
data from the 2010 Global Burden of Disease (GBD) (Lim et al. 
2012). The GBD identifies solid-fuel use as a major cause of 
mortality due to the ambient outdoor pollution they create and 
the indoor exposure to families while cooking or spending time 
inside their homes. Currently available models only include 
impacts of air pollution that reach the outdoor environment. 
Multiple studies indicate, however, that the number of deaths due 
to exposure to smoke inside and immediately around the home 
(termed household exposure) from sources such as cookstoves 
may be far greater. 

The Global Burden of Disease has estimated 4 million deaths 
per year from cookstoves: 3.5 million from household exposure 
and an additional 500,000 due to cookstoves’ contributions to 
ambient outdoor pollution. This is a 7:1 ratio on the global scale. 
The regional discussions below note where additional deaths from 
household exposure would be expected alongside the report’s 
modeled results for outdoor pollution. 

For climate, results are summarized in terms of a decrease 
in radiative forcing in each region, using the regions shown in 

Table 3: Primary Cryosphere Black Carbon Source Regions

Andes Argentina, Bolivia, Brazil, Ecuador, Peru, Venezuela, Chile

Arctic Belarus, Belgium, Canada, Denmark, Estonia, Finland, France, Germany, Ireland, Latvia, Lithuania, 
Netherlands, Norway, Poland, Russia, Sweden, Ukraine, United Kingdom, United States of America

Antarctic Argentina, Australia, Chile, New Zealand, South Africa

East Africa Congo (Democratic Republic), Eritrea, Ethiopia, Kenya, Uganda, Tanzania

Himalayas Afghanistan, Bangladesh, Bhutan, Cambodia, China, India, Kazakhstan, Kyrgyz Republic, Laos, 
Mongolia, Myanmar, Nepal, Pakistan, Tajikistan, Uzbekistan
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Figure 5. The decrease in radiative forcing is given as a total 
across all measures and then separately for black carbon and 
methane measures. 

For black carbon, the amount of forcing is based on an 
averaging of three different values calculated for the total forc-
ing from black carbon and other co-emissions from that source, 
using different sets of assumptions to calculate the various ways 
black carbon affects warming in the atmosphere (e.g., direct, 
cloud effects, and deposited on snow). The three values come 
from assumptions for black carbon forcing amounts used in the 
UNEP/WMO Assessment (UNEP), the average from the range 
defined in the 2013 Bounding study by Bond et al., and from the 
GISS internally calculated aerosol indirect effect (AIE) values 
(GISS), as described in Chapter 4. In all three cases, the results 
are based on the change in radiative forcing due to individual 
aerosol components calculated in the GISS model, which is the 
only model that separates aerosols into their components. The 
other two models provide only total aerosol impacts; they were 
combined with the GISS results to evaluate robustness by measure 
and at regional and global levels. 

For methane, the results show ranges for regional changes 
in temperature for methane reductions from the seven measures 
modeled (in addition to radiative forcing), as these temperature 
outcomes rely on many different models and are fairly robust. The 
maps underlying the methane-related temperature benefits appear 
under the global climate section later in this chapter. 

The effects of black carbon reductions on temperature have yet 
to be studied sufficiently at the regional level. The complexities, 

and uncertainties around black carbon radiative forcing and 
temperature estimates, are also discussed in the global section. 

For crops, figures are expressed in tons of additional yield of 
four staple crops for each reduction measure on a global basis, 
using FASST calculations. Benefits for plant growth are far less 
localized than those for health and climate gains because of 
ozone’s reliance on methane concentrations (which are more 
globally mixed than black carbon emissions).

As noted above, all modeled impact figures refer to measures 
taken by 2030 with health results measured at 2030 and climate 
results as of 2050. 

5.1	 The Himalayas

Both health and climate benefits modeled in the Himalayan region 
far outweighed those for any other cryosphere region: for mortality 
by a factor of 100 and for radiative forcing by a factor of eight. The 
combination of population size and pace of development in this 
region makes the impact of short-lived pollutants more powerful 
than almost anywhere else. 

In the Himalayas, the mitigation measures that deliver health 
and climate impacts are closely aligned, and the modeling results 
proved the most robust among the three alpine regions (and similar to 
those of the polar regions). In its modeled response to reductions of 
methane and black carbon, the Himalayas truly behave like a“Third 
Pole.” The most gains would result from black carbon measures—
primarily, improvements in cookstove design and use (Figure 6). 

Figure 5: Regions Used in the Calculation of Radiative Forcing.
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Cryosphere and Regional Climate Benefits

There are challenges to modeling temperature impacts from black 
carbon, and forcing in adjacent regions also influences the climate 
over the Himalayas. Yet the decrease in radiative forcing resulting 

from black carbon measures in the Himalayas is large enough to 
yield regional climate benefits with almost equal certainty as those 
occurring in the polar regions. As with other land areas, methane 
reductions have a greater impact in the Himalayas than the global 
mean in terms of temperature, with an annual avoided rise of about 
0.3 degrees by 2050. This could significantly slow glacial melt, as 
well as perturbations to regional water resources arising from glacier 
and snowpack melt, by moving the freeze line downward in altitude. 

Reductions of methane and black carbon could help stabilize 
water resources in some of the Himalayan watersheds, assuming 
the measures lead to a slowing of the glacier retreat observed in 
many of these watersheds. These effects could be most visible 
in the Indus and Tarim river systems, which are the most depen-
dent on melt runoff. The arid Tarim river system relies almost 
exclusively on Himalayan runoff from glacier, snow melt, and 
precipitation. Researchers working in the Tarim have observed 
perturbations to these patterns especially since 1986, and attribute 
at least some of these changes to increased ice melt and also to 
greater evaporation from higher ambient temperatures (Zhang et 
al. 2009; Xu et al. 2006). 

In this and other systems, the impacts would be felt at the 
opposite extreme as well—that is, when melting reaches its peak—in 
terms of potential flooding and glacial lake flood outburst events. 
Predicting more precisely the direction and duration of these differ-
ent cycles of flood (with added melt) and seasonal drought (as ice 
and snow cover diminishes) remains an issue for active and more 
regionally based research. Given the large potential decrease in 
radiative forcing, however, there is excellent potential to mitigate 
and slow such changes in the near term.

The impact of black carbon measures on precipitation is even 
harder to characterize, at least in terms of cryosphere effects. In 
the case of South Asia, however, the pollution itself has had a 
demonstrated impact on, and caused perturbation of, the Indian 
monsoon, according to the work under UNEP’s Atmospheric 
Brown Cloud (ABC) initiative. 

There is a great deal of variability between the models and 
studies used in this report, as well as in UNEP’s Atmospheric 
Brown Cloud studies, regarding the effects of pollutants and 
pollutant mitigation on rainfall patterns. All the models show, 
however, increased changes in the monsoon based on atmospheric 
pollution levels. These changes threaten farming practices and 
the reliability of water supplies for household use, and might 
also create higher risks of flooding from more extreme monsoon 
events, as occurred in June 2013 in northern India. Decreasing 
pollution from these sources should help moderate such changes 
and provide additional time for both adaptation of farming and 
household practices and disaster preparedness. Pursuing both 
paths will provide local populations with the greatest chance of 
building resilience to repeated weather-related disasters.

Box 1: Modeled Benefits in the 
Himalayas

This broad swath of central and south Asia includes many devel-
oping nations where cookstoves, agricultural and open burning, 
and polluting diesel engines present development challenges. 
Implementation of the black carbon mitigation measures as-
sessed in this report yield the greatest benefits in the Himalayas 
relative to any other region considered.

Cryosphere/Climate* Benefits:

•	 Total decrease in radiative forcing, all measures: –7.6 W/m2 
(–3.3 to –11.9)

•	 Decrease from black carbon measures: –7.3 W/m2 (–3.0 to 
–11.6) 

•	 Decrease from methane measures: –0.32 W/m2

•	 Annual avoided temperature increase from methane mea-
sures: about 0.3°C

(Note global average anthropogenic radiative forcing is approxi-
mately 2.3 W/m2)

Health** and Agricultural Benefits in Himalayas 
Source Region:

•	 Annual premature mortality avoided: 1,238,000
•	 Annual increase in staple crops: 15.4 million metric tons

Greatest black carbon benefits: cookstoves (about 75 
percent of impacts), road diesel and off-road mobile diesel, open 
burning

Greatest methane benefits: oil and gas, coal mines, landfills 
(85 percent of impacts).

* Climate benefits are presented in units of decreased radiative forcing 
averaged over the region of interest. For comparison, globally averaged 
anthropogenic forcing from AR5 is 2.3 W/m2; while this regional average 
does not compare directly with a global average, it is noted to provide a 
sense of scale compared to the total warming across the globe. 
** The public health benefits listed here refer only to the premature 
mortality avoided due to reductions in ambient (outdoor) air pollution. 
Some of the measures (principally cookstoves) would also have a 
significant impact on household (indoor and immediately surrounding 
the home). This avoided household/indoor exposure is not included in 
the health benefits estimated above. Text Box 2 explores how improved 
tools would enable estimates of additional benefits due to the impact of 
reductions on household air quality. 
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Health and Crop Benefits in Himalayas 
Source Region

Biomass cookstoves, still in wide use throughout the region, have 
the greatest impact on human health in the countries comprising 
and surrounding the Himalayas. More than one million premature 
deaths may be avoided annually in the Himalayan source region 
from all methane and black carbon measures combined. Accord-
ing to the BenMap estimates, about 743,000 of these prevented 

deaths would arise from cookstoves measures alone. The Global 
Burden of Disease estimates show a ratio of about 7:1 globally 
from household (indoor):outdoor cookstoves pollution exposure, 
because of the greater concentrations of pollutants within and 
immediately around the home. The number of potentially avoidable 
deaths from all smoke exposure from cookstoves therefore could 
be more than double the modeled outdoor result from this study.

Box 2 shows the modeled results of health impacts from improved 
indoor air quality linked to cookstove measures implemented in 

Figure 6: Average Radiative Forcing Estimates for the Himalayas for a Range of Potential Black Carbon Emissions Reductions
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Box 2: Capturing All Health Impacts from Cookstove Interventions

The models used to estimate health impacts in this report only capture health impacts for ambient (outdoor) air pollution arising from cook-
stoves. The Global Burdens of Disease estimates, meanwhile, tell us that on a global scale exposure to cookstove pollution within the 
household causes about seven times more premature deaths. This ratio would be expected to be different, however, in different countries or 
even regions within countries due to wide variations in patterns of cookstove use.

The University of California-Berkeley is developing new tools to better estimate numbers of premature deaths and illness from house-
hold air pollution that could potentially be avoided through different cookstove programs. These tools include smoke exposure and disease 
response information for each of the major diseases (e.g., respiratory, heart, stroke, cancer) caused by household air pollution; they also 
incorporate other factors that would impact estimates, such as background health, demographics, energy, and economic conditions. As a test 
case for this report, researchers applied the tool to all households using biomass fuel (wood, crop residue, dung) in Nepal and Peru (although 
even a national approach masks big differences between regions, for example between the coast and the mountains in Peru). 

The test case used exposure reduction scenarios consistent with fan-assisted and LPG/ biogas cookstove measures. Results indicated 
that full implementation of the fan-assisted cookstove measure could avoid 8,500 (range 7,400–9,800) premature deaths in Nepal and 12,900 
(11,400–14,700) in Peru. Full implementation of the LPG/ biogas measure could result in 16,400 (13,400–20,900) premature deaths avoided 
annually in Nepal and 24,900 (20,300–31,600) in Peru. These results come from ideal scenarios in which everyone uses new stoves 100 
percent of the time and operates them properly. This is similar to the assumptions in this report used in the modeling of ambient (outdoor) air 
impacts from cookstoves. These outdoor impacts have been estimated at 11,000 deaths avoided in Nepal from either measure due to outdoor 
air quality impacts alone, and approximately 500 deaths avoided in Peru using the BenMap tool. 

While these results are only a first test of this new tool, they indicate that the true numbers of avoidable deaths in a given country from 
household fuel and stove interventions could be much higher than the numbers simply from the avoided ambient (outdoor) air pollution. They 
also show that there is potential value to examining these measures at a national or even sub-national level since conditions vary so much. 
This underscores the need to further develop tools for assessing the full impact of interventions that reduce methane and black carbon emis-
sions from household cooking and other sources. 
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Nepal and Peru. This new2 tool has been developed to assess the 
total impact of cookstove interventions based on detailed, country-
specific exposure data for multiple regions of each country (Annex 
2). The work strongly indicates that household-related mortality 
avoided from cookstoves programs could be many times greater 
than premature deaths avoided from outdoor air pollution alone. 

Crop benefits in this region for staples such as rice and wheat 
are over 15 million tons annually from the combination of black 
carbon and methane reduction measures (with almost three million 
tons in additional crop yields occurring in China alone). 

5.2	 The Arctic

In contrast to the Himalayas, health and climate benefits in the 
Arctic do not necessarily arise from the same sources. The greatest 
benefits for human health in the Arctic arise from reductions in 
more local emissions: from biomass heating stoves, widely used 
in northern Europe, and from coal stoves in Eastern Europe. Cli-
mate impacts, on the other hand, are divided more evenly across 
the seven different black carbon measures, and improvements to 
cookstoves—though located far from the Arctic—have the largest 
impact on radiative forcing in the region (slightly greater than any 
more local black carbon source). This pattern appears in other 
cryosphere regions as well, and is explored in greater detail under 
the discussion of sectoral impacts.

Cryosphere and Climate Impacts

While only a relatively small percentage of all cookstove pollut-
ants reach the Arctic, the volume of these emissions is so great 
that the impacts on the Arctic cryosphere are substantial. This 
forcing effect from cookstoves arises from black carbon in the 
atmosphere above the Arctic and nearby latitudes, which has a 
disproportionately strong effect over the reflective Arctic surface 
of snow and ice (even with models taking into account almost no 
remaining summer sea ice by 2050 and the indirect effect of clouds).

The climate benefits of interventions that reduce pollutants 
from biomass and coal heating stoves, concentrated in the north-
ern latitudes, ranked second and third respectively. The combined 
potential reductions in pollution from these three “stove” sources 
account for about 75 percent of the possible Arctic black carbon 
forcing reductions; moreover, improvements to the two heating stove 
sources provide most of the Arctic regions health benefits. Nordic 
and northern European use of wood stoves and boilers for home 
heating has shown strong growth in recent years, and comprises one 
of the few black carbon sources globally that appears to be growing.3

Other key sources of black carbon affecting the Arctic (Figure 7) 
include Eurasian open burning (both fields and forests) and off-
road and on-road diesel emissions. While the results were largely 

consistent between the models, GISS AIE did show somewhat 
smaller benefits for both diesel measures. Temperature change 
in the Arctic is also strongly influenced by forcing at Northern 
Hemisphere mid-latitudes, and this is reduced by these measures. 
These modeled results for the Arctic track closely with even-more-
detailed regional studies by the Arctic Council and others. 

Although methane measures have a relatively even impact 
around the globe, their temperature effect in the Arctic is 2–4 
times greater than the global mean (with temperature benefits of 
up to 0.75°C). All greenhouse gases have an enhanced impact on 

Box 3: Modeled Benefits in the Arctic

The Arctic includes about four million permanent residents, many 
of them indigenous peoples. Eight nations have territories within 
the Arctic Circle, and countries within the general Arctic source 
region are highly developed. Most Arctic region nations have 
adopted a broad range of pollution control measures, including 
to reduce particle pollution for health reasons. Use of wood for 
heating is one of the few growing sources of black carbon, with 
further growth projected in coming years. 

Cryosphere/Climate* Benefits:

•	 Total decrease in radiative forcing, all measures: –1.7 W/m2 
(–0.9 to –2.5)

•	 Decrease from black carbon measures: –1.4 W/m2 (–0.6 to –2.2) 
•	 Decrease from methane measures: –0.32 W/m2

•	 Annual avoided temperature increase from methane measures: 
0.25–0.75 degrees (highest in Arctic Ocean/northern Siberia)

(Note global average anthropogenic radiative forcing is approxi-
mately 2.3 W/m2)

Health** and Agricultural Benefits in Arctic 
Source Region:

•	 Annual premature mortality avoided: 47,800
•	 Annual increase in staple crops: 10.2 million metric tons

Greatest black carbon climate benefits: cookstoves, bio-
mass heating and coal heating stoves, Eurasian open burning and 
diesel sources

Greatest black carbon health benefits: biomass and coal 
heating stoves, Eurasian open burning

Greatest methane benefits: oil and gas, coal mines, landfills 
(85 percent of benefits from these sectors)

* Climate benefits are presented in units of decreased radiative forcing 
averaged over the region of interest. For comparison, globally averaged 
anthropogenic forcing from AR5 is 2.3 W/m2; while this regional average 
does not compare directly with a global average, it is noted to provide a 
sense of scale compared to the total warming across the globe. 
** The public health benefits listed here refer only to the premature 
mortality avoided due to reductions in ambient (outdoor) air pollution. 
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the Arctic region; because of methane’s shorter lifespan, however, 
reductions of methane emissions will yield benefits more quickly. 
As a result, measures taken by 2030 could provide substantial 
climate gains. These findings appear consistently across the three 
models used here and across a combination of 10 models produced 
for AR5 (See Methods and Annex 2 for more detail).

Health and Crop Benefits

The strongest health benefits in the Arctic source regions come 
from local sources including biomass heating stoves (and, in 
Eastern Europe, coal stoves) and diesel transport. These benefits 
are not as high per capita as in the Himalayan region, but still 
quite significant for individual nations (Annex 1).

Crop benefits linked to mitigation of black carbon and methane 
for all of Russia, Scandinavia, Western Europe, and North America 
totaled over 10 million metric tons annually.

Arctic Feedbacks

For Arctic nations, the modeling strongly indicates that the most 
effective black carbon reduction measures would target regional 
heating stoves, for both climate and health benefits; this would be in 
addition to improved cookstoves in developing countries, especially 
in the northern hemisphere. When combined with methane measures 
(that could be taken anywhere on the globe), these actions could 
achieve a reduction in temperature increase in the Arctic of more 
than one degree by 2050. This is more than two-thirds of IPCC’s 
projected temperature rise by mid-century, and even greater than 
the benefit shown in the UNEP/WMO Assessment.

Efforts to slow Arctic warming by addressing short-lived climate 
pollutants could have multiple global benefits by constraining rapid 

changes that might produce negative climate feedbacks. Such changes 
include sea-level rise from Greenland and Arctic glaciers, less loss 
of albedo due to earlier and greater loss of sea ice and snow cover, 
and far less risk of the release of Arctic methane and CO2 deposits 
from melting permafrost. With a decrease in radiative forcing and 
lower temperatures, sea ice may also be maintained at greater 
levels (see Pan-Cryosphere section). Because of these feedbacks, 
the Arctic is one region where actions taken outside the region can 
benefit the Arctic cryosphere, though reductions elsewhere have 
far less per-unit impact in the Arctic compared to measures aimed 
at in-Arctic and near-Arctic sources. At the same time, measures 
aimed at cookstove improvements and methane capture would yield 
substantial health and development gains in many economically 
and ecologically vulnerable parts of the world, while decreasing 
risks to these vulnerable regions from Arctic feedbacks. 

5.3	 East African Highlands

Cryosphere and Climate Benefits

In the East African Highlands, cookstove improvements yield 
the greatest modeled benefits for health and climate (Figure 8). 
Surprisingly, measures that reduce black carbon emissions from 
cookstove produced a decrease in radiative forcing in parts of the 
region that nearly equaled that achieved in the Himalayas, though 
this result was not strong across all models. This level of forcing 
did not appear to the same degree in the UNEP/WMO Assessment, 
and may be the result of improved cookstove emissions inventories.

The lack of remaining reflective surface area in the East African 
Highlands (total glacier extent is under 4 km2) makes the estimation 
of black carbon measure climate impacts in this region particularly 

Figure 7: Average Radiative Forcing Estimates for the Arctic from Black Carbon Emissions Reductions.
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difficult. Estimates of radiative forcing changes have much higher 
margins of error, although results across the models were largely 
consistent (Figure A2–A4). Cookstoves using the Bond et al. assump-
tions had especially large error ranges in terms of radiative forcing 

(although they still showed benefits consistent with the other models). 
A multitude of additional complex factors less related to East African 
black carbon emissions per se, such as the South Asian monsoon, 
instead appear to drive climate change in the region.

Box 4: Modeled Benefits in the East African Highlands

East Africa includes many developing nations with high rural populations, with implementation of clean cooking and sustainable agricultural 
practices representing serious development challenges. Measures to reduce methane and black carbon brought high health benefits, espe-
cially from cookstoves measures, but climate benefits to the small and receding cryosphere proved difficult to capture from modeling alone.

Cryosphere/Climate* Benefits: 

•	 Total decrease in radiative forcing, all measures: –1.5 W/m2 (+0.4 to –3.4)
•	 Decrease in radiative forcing black carbon measures: –1.2 W/m2 (+0.7 to –3.1)
•	 Decrease in radiative forcing from methane measures: –0.32 W/m2

•	 Annual avoided temperature increase from methane measures: about 0.25° C
(Note global average anthropogenic radiative forcing is approximately 2.3 W/m2)

Health** and Agricultural Benefits in East African Highlands Source Region:

•	 Annual premature mortality avoided: 123,100
•	 Annual increase in staple crops: 153,000 metric tons

Greatest black carbon climate and health benefits: cookstoves (health and climate), open burning (health) and on-road/off-road diesel 
(climate)

Greatest methane benefits: oil and gas, coal mines, landfills (85%)

* Climate benefits are presented in units of decreased radiative forcing averaged over the region of interest. For comparison, globally averaged anthropogenic 
forcing from AR5 is 2.3 W/m2; while this regional average does not compare directly with a global average, it is noted to provide a sense of scale compared to the 
total warming across the globe. 
** The public health benefits listed here refer only to the premature mortality avoided due to reductions in ambient (outdoor) air pollution. Some of the measures 
(principally cookstoves) would also have a significant impact on household (indoor and immediately surrounding the home). This avoided household/indoor 
exposure is not included in the health benefits estimated above Text Box 2 explores how improved tools would enable estimates of additional benefits due to the 
impact of reductions on household air quality. 

Figure 8: Average Radiative Forcing Estimates for East Africa from Black Carbon Emissions Reductions
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Health and Crop Benefits

The number of avoided deaths in the source region affecting the 
East African Highlands is second only to the Himalayas and is 
far greater as a percentage of the population in the region due 
to more widespread use of biomass for cooking among rural and 
urban populations. Total cookstove-related avoided premature 
deaths from outdoor air pollution were around 94,000; with 
indoor (household) exposure included, the number of annual 
avoided deaths related to cookstoves measures might prove 
more than twice as large. Crop benefits totaled about 153,000 
metric tons. 

The most compelling reason to implement black carbon and 
methane reduction measures in the East African Highlands clearly 
falls on the health and development side, with a decrease in radia-
tive forcing providing a desirable, but somewhat uncertain, co-
benefit. The gains from improved cookstoves—in terms of health, 
safety and advances to the well-being and status of women and 
girls—highlight for municipal authorities and national governments 
the importance of taking this action. 

5.4	 Andes and Patagonia

Cryosphere and Climate Benefits

Characterizing the potential gains for the Andes and Patago-
nia with any degree of certainty proved difficult due to the 
extremely thin north-south extent of this alpine range. At 
its widest point in Chile and Argentina, the Andean range is 
only 200 kilometers—narrower than the 2.5 degrees (around 
270 km) spanned by global climate models. (Out of necessity, 
some of the modeled area included open ocean. See Figure 5.) 
Existing cryosphere in the Northern Andes is limited to a few 
peaks today, similar to the East African highlands (though 
annual snow and glacier cover in Ecuador is still greater than 
that at the latitudinal equivalent point in East Africa.) This 
lack of reflective surface may be part of the reason behind the 
extremely weak radiative forcing results, which in some cases 
(biomass burning) indicated slight increases in radiative forcing 
from the measures (Figure 9).

Andean glaciers have disappeared at faster documented rates 
than almost anywhere else on the globe. Efforts to preserve them 
have a great degree of urgency due to the population’s depen-
dence on snow and glacier runoff for water supplies, including 
for agricultural irrigation. Improved regional models should help 
to ascertain whether cuts in black carbon sources can indeed help 
to preserve glaciers and mitigate regional climate change. 

A more rapid and effective approach might involve observa-
tional studies to define the amounts of black carbon reaching the 

glaciers and snow pack in order to see whether concentrations 
are sufficiently significant to motivate early action to reduce 
emissions given the highly localized impact of black carbon 
and differing dependency on glacier and snow melt runoff 
for local populations. In one section of the Peruvian Andes, 
for example, a recent study showed local communities to be 
extremely dependent on melt water during the dry season. Both 

Box 5: Modeled Benefits in the Andes 
and Patagonia

The Andes include a mix of urban and rural populations, with 
much of the rural population living in the mountainous regions or 
nearby regions of pampas and jungle. Development challenges 
include air quality issues, especially in urban areas with pollution 
linked to diesel consumption and the use of cookstoves. Open 
burning also is a widespread practice.

Cryosphere/Climate* Benefits: 

•	 Total decrease in radiative forcing, all measures: –0.6 W/m2 
(–0.2 to –1.0)

•	 Decrease in radiative forcing from black carbon reduction 
measures: –0.3 W/m2 (+0.1 to –0.7) 

•	 Decrease in radiative forcing from methane reduction mea-
sures: –0.32 W/m2

•	  Annual avoided temperature increase from methane reduc-
tion measures: about 0.25° C

(Note global average anthropogenic radiative forcing is approxi-
mately 2.3 W/m2)

Health** and Agricultural Benefits in the Andean 
Source Region:

•	 Annual premature mortality avoided: 27,000
•	 Annual increase in staple crops: 2.6 metric tons***

Greatest black carbon benefits: cookstoves, on-road/off-
road diesel

Greatest methane benefits: oil and gas, coal mines, landfills 
(85 percent)

* Climate benefits are presented in units of decreased radiative forcing 
averaged over the region of interest. For comparison, globally averaged 
anthropogenic forcing from AR5 is 2.3 W/m2; while this regional average 
does not compare directly with a global average, it is noted to provide a 
sense of scale compared to the total warming across the globe.
** The public health benefits listed here refer only to the premature mortality 
avoided due to reductions in ambient (outdoor) air pollution. Some of the 
measures (principally cookstoves) would also have a significant impact on 
household (indoor and immediately surrounding the home). This avoided 
household/indoor exposure is not included in the health benefits estimated 
above. Text Box 2 explores how improved tools would enable estimates of 
additional benefits due to the impact of reductions on household air quality.
*** Refers to all of South America 



Cryosphere Benefits: Where Health and Climate Intersect 

41

household reporting of water resources and monitoring of runoff 
indicate shortages have increased over the past few decades. 
Such regions could provide a focus for early work to determine 
black carbon’s importance and possible measures at the local 
level (Bury et al. 2011).

Health and Crop Benefits

Mitigation of black carbon emissions in the Andean source 
region yields clear health benefits, with cookstove and diesel 
measures producing the greatest gains (and open burning reduc-
tion bringing particular benefits to Brazil.) As a percentage of 
the regional population (which is smaller to begin with than that 
of other cryosphere regions), the numbers of avoided premature 
deaths are highly significant, especially when household air pol-
lution is included. The modeling of cookstoves-related avoided 
deaths was around 13,000; per the discussion above, avoided 
deaths if household air exposure were included might be several 
times higher. Indeed, the Peruvian example in Box 2 indicates 
that an additional 13,000–25,000 deaths might be avoidable in  
Peru alone.

The model combines crop benefits in all of South America. 
They are large, at 2.6 million metric tons annually.

Should observational field studies show deposited black carbon 
or airborne amounts similar to those in the Himalayas, the Arctic, 
and elsewhere, black carbon reductions might be considered for 
regional climate benefits as well as health benefits. Unlike other 
regions, however, many of the black carbon sources appear highly 
localized to a few large cities along the Pacific Coast. Given the 
clear health benefits of reductions from cookstoves and diesel 
transport, these measures may warrant a heightened focus by 
municipal and national authorities.

5.5	 Antarctica

Cryosphere and Climate Benefits

Previous studies of Antarctica have not included the impact of 
short-lived climate pollutants, largely because of the region’s 
remoteness from any black carbon sources (the closest point, at the 
southernmost tip of South America, is still some 1000 km away). 
In addition, the Antarctic gyre or front zone presents a seemingly 
formidable barrier to any pollution from other continents. As yet, 
no studies have been conducted on the potential impact of black 
carbon emissions from research stations and associated transport, 
fishing, and tourism activities that comprise the only potential local 
sources of emissions. Although growing, black carbon emissions from 
these activities is likely to remain small, with impacts localized to 
the Peninsula and coastlines (where most of these activities occur) 
and the immediate area around research stations at the South Pole. 
As in the Arctic, the sun is only up for half of the year, limiting the 
radiative impact of deposited black carbon in the region.

Despite these caveats, the various models used for this report all 
showed some degree of black carbon impact on Antarctica—equaling  
about two-thirds of the black carbon impact on the Arctic. Results 
proved remarkably consistent for the different sources across the 
models (Figure 10) in terms of decreases in radiative forcing and 
relatively small error ranges, reflecting black carbon impacts over 
a continent that is entirely covered with highly reflective snow 
and ice. Here, again, cookstoves measures are the primary con-
tributor to changes in radiative forcing, with direct atmospheric 
heating providing the main component of this forcing. Only 0.02 
W/m2 arises from deposited black carbon, consistent with the few 
Antarctic snow and ice samples (Bisiaux et al. 2012) measuring 
black carbon concentrations .

Figure 9: Average Radiative Forcing Estimates for the Andes from Black Carbon Reductions
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Because little atmospheric mixing occurs between the hemispheres 
on the few day timescale of black carbon’s atmospheric lifetime, 
the black carbon affecting Antarctica likely arises primarily from 
southern hemisphere sources. These are quite large in Sub-Saharan 

Africa south of the equator, as the modeling for East Africa shows. In 
addition, the population of southern South America still uses biomass 
cooking to a great degree, and these sources are closer to Antarctica 
than any cookstoves in the northern hemisphere are to the Arctic.

Diesel emissions (from on- and off-road) show a discernible 
impact on Antarctica, perhaps due to the widespread use of diesel 
vehicles in the Andean nations. Indeed, the ECHAM model’s mapping 
of diesel impacts shows relatively high levels of black carbon along 
the spine of the Andes, and then again (albeit more weakly) across 
the Drake Passage into the mountains of the Antarctic Peninsula. 

Open burning measures showed little impact over Antarctica, 
even though observational studies seemed to link fires in Australia 
with black carbon deposits in the 1950’s. In the past few decades, 
fires in Australia and in Patagonia have increased in frequency 
and scale due to drier conditions. 

Methane sources, as in the other cryosphere regions, show 
equal forcing in Antarctica, but with varying temperature responses 
over this large, entirely cryospheric continent. The greatest radia-
tive forcing response appears at the northern Antarctic Peninsula 
(0.3°C avoided warming by 2050), with under 0.1°C avoided 
warming in portions of East Antarctica.

Health and Crop Benefits

Health benefits associated with the closest continental source 
regions arose primarily in South Africa from cookstoves measures; 
yet even southernmost Africa is over 5,000 km from Antarctica, 
so this source may have no greater impact in climate terms than 
other sub-equatorial African sources. Indeed, all sources of black 
carbon are quite distant. Even the nearest “source” countries for 
Antarctica (Table 3)—while they may contribute relatively more than 
other southern hemisphere regions—are likely nowhere near the 
importance of other sources close to the other cryosphere regions.

Antarctica Feedbacks

Given the inherent instability of the West Antarctic Ice Sheet (WAIS), 
and increasing evidence associating the WAIS with past sea-level 
rise, there is an urgent need for further study of the potential impact 
of atmospheric black carbon on Antarctica. Actions to address 
emissions from cookstoves provide a target for consideration by 
policymakers looking to reduce the risks associated with the WAIS 
and future sea-level rise while providing strong potential health 
benefits in the southern hemisphere. 

5.6	 Pan-Cryosphere Benefits

Some gains from reductions in short-lived climate pollutants (SLCP), 
especially projected temperature decreases, have crosscutting 

Box 6: Modeled Benefits in Antarctica

Like the Arctic, Antarctica’s main impact on development 
arises from its impact on the global climate system. It has 
no permanent human populations, with research scientists 
present year-round in only small numbers and a larger pres-
ence during the Antarctic summer. Local sources of black 
carbon may include diesel generators and transport (on land 
as well as shipping) related to research activities, but these 
have not been categorized in terms of particle pollution or 
black carbon. It should be noted that most research stations 
strive to minimize their impacts on the fragile environment 
of Antarctica, but shipping around Antarctica is increasing 
substantially due to greater tourism.

Cryosphere/Climate* Benefits: 

•	 Total decrease in radiative forcing, all measures: –1.4 W/m2 
(–0.8 to –2.0)

•	 Decrease in radiative forcing from black carbon reduction 
measures: –1.1 W/m2 (–0.5 to –1.7) 

•	 Decrease in radiative forcing from methane reduction mea-
sures: –0.32 W/m2

•	  Annual avoided temperature increase from methane reduc-
tion measures: about –0.1° C (East Antarctica) to –0.3°C 
(Antarctic Peninsula)

(Note global average anthropogenic radiative forcing is approxi-
mately 2.3 W/m2)

Health** and Agricultural Benefits in the 
Antarctic Source Region:

•	 Annual premature mortality avoided: ~17,600 (likely a very 
weak relationship, see text)

•	 Annual increase in staple crops: minor or N/A

Greatest black carbon benefits: cookstoves, on-road/off-
road diesel

Greatest methane benefits: oil and gas, coal mines, landfills 
(85 percent)

* Climate benefits are presented in units of decreased radiative forcing 
averaged over the region of interest. For comparison, globally averaged 
anthropogenic forcing from AR5 is 2.3 W/m2; while this regional average 
does not compare directly with a global average, it is noted to provide a 
sense of scale compared to the total warming across the globe. 
** The public health benefits listed here refer only to the premature 
mortality avoided due to reductions in ambient (outdoor) air pollution. 
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benefits for the cryosphere. Those with greatest potential benefits 
to the global climate system include the prevention of permafrost 
and sea ice loss. Slowing or preventing of sea-level rise, as well as 
decreasing infrastructure risks from permafrost loss in the Arctic 
and the Tibetan plateau, can have benefits for all nations (and 
especially for developing countries).

5.6.1 Loss of Albedo: Sea Ice and Snow 
Cover

It is reasonable to assume that lower rates of temperature rise 
should slow loss of sea ice, glacier ice, and snow cover every-
where; however characterizing these changes at a global or 
even a regional scale presents specific challenges. For instance, 
the SWIPA report documents a 1°C overall temperature rise in 
the Arctic over the past two decades and a decrease in summer 
minimum sea ice extent of 50 percent. SWIPA predicted such 
changes to accelerate by 2050 and by 2100 due to an additional 
projected 1.5°C increase in temperature by 2050 and yet another 
2°C rise by 2100, bringing the total temperature increase in 
the Arctic from pre-industrial levels to around 4.5°C or more. 
Holding that 2050 Arctic temperature rise to 0.5°C, rather than 
1.5°C, will almost certainly increase sea and glacier ice extent 
as well as snow cover. In mountain areas, the freeze line for 
glaciers and snow would move to a lower altitude; but the precise 
degree of these effects needs further investigation. A number of 
other factors, including precipitation levels and sea currents, 
also greatly impact the process of snow and ice melt in addition 
to temperatures.

When modelers used the GISS-E2-R model to simulate the amount 
of sea ice and snow cover that would be preserved by implementing 
the reduction measures, their results showed an 18-percent growth 
in summer sea ice and a 13-percent increase in snow cover over 
a business-as-usual emissions scenario (Figures 11 and 12), even 

though this model does not include total forcing for black carbon 
scaled in accordance with the assumptions used elsewhere in this 
report (see the discussion on assumptions in Chapter 4). Modelers 
judged that the full-scaled impact of implementing all reduction 
measures could be as large as 40 percent more Arctic sea ice pre-
served, and 25 percent greater snow cover than in the baseline. 
Since greater preservation of snow and ice leads to less albedo loss, 
these actions to reduce short-lived climate pollutants could lower 
the risk from feedback mechanisms such as permafrost loss and 
greater glacier, snow, and ice loss later on. Future work is needed 
to measure these feedback effects with greater precision.

Figure 10: Average Radiative Forcing Estimates for Antarctica for Black Carbon Measures
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Figure 11: Percentage Change in Boreal Summer (June–August) 
Arctic Ice Cover in 2050 due to Full Implementation of Methane 
and Black Carbon Measures by 2030 (unscaled results; scaled 
results would be approximately two times greater)
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5.6.2	Permafrost Loss

The impact of radiative forcing and temperature changes on rates 
of permafrost loss—and the consequences for additional methane 
and CO2 releases to the atmosphere—is a key factor affecting both 
near-term and long-term climate change projections. It is, however, 
an impact highly characterized by uncertainty. Questions remain 
about how permafrost responds to each tenth of a degree change 
in temperature and about the amount and depth of carbon stored 
in permafrost regions most vulnerable to melting.

For the Arctic, where permafrost has already warmed by 2°C, 
the SWIPA report predicted an additional warming of the upper 
permafrost layers by 2°C by 2050—and even greater warming by 
2090 (Figure 13). AR5 notes that a decrease in extent of these upper 
permafrost layers is virtually certain by the end of this century, 
and perhaps by as much as 80 percent if current trends continue. 
On the Tibetan plateau, projections of a 1.5°C temperature rise are 
associated with a near-total loss of permafrost by 2050; most other 
alpine regions have lost a great deal of permafrost in modern times 
and are projected to retain little by 2050. Thus far, permafrost has 
warmed more quickly than air temperature; hence avoiding a 1°C 
rise in temperature may prevent even more warming of the soil.

The earth’s total permafrost holds an estimated 1,700 Gt of 
carbon, compared to 850 Gt currently in the atmosphere. Much 
of that below-ground carbon, however, exists at deep levels that 
will take more time to thaw and reach the surface. Only about 

190 Gt of CO
2 exists in the permafrost’s top 30 centimeters and is 

considered most vulnerable to warming; even that relatively thin 
slice can increase the amount of carbon in the air by about 20 
percent. Whatever percentage of permafrost emissions is emitted 
as methane (present under wet conditions) will contribute to 
near-term warming on potentially rapid scales because methane 
warms more powerfully than CO2.

4

Further study involving specific permafrost modeling is needed 
to determine the climate benefits of avoided permafrost warming as 
a result of reductions in short-lived climate pollutants. Of interest 
from the current modeling, the greater temperature response to all 
measures (methane and black carbon) from a 1°C or more reduction 
in warming from baseline follows to some extent the boundary of 
current permafrost in northern Siberia . Temperature benefits that 
are nearly as strong occur in much of the Tibetan Plateau, where 
infrastructure may be at risk. The specific temperature response 
along this geographic boundary may offer great hope of SLCP 
reductions decreasing the risk of permafrost loss in these regions.

5.6.2 Sea-Level Rise

The projected response of the global ice sheets to predicted 
warming is an area of active research, with different results 
depending on the methods used for assessment. The 2011 Arctic 
Council SWIPA Report and the recently released AR5, for example, 
reached somewhat different potential ranges for sea-level rise by 

Figure 12: Percentage Change in Boreal Springtime (March–
May) Snow Cover in 2050 due to Full Implementation of Black 
Carbon and Methane Measures by 2030 (unscaled results; 
scaled results would be approximately two times greater)

Figure 13: Soil Temperature and Permafrost Warming 
by 2090. (Source: SWIPA Report Arctic Monitoring and 
Assessment Program, 2011.)
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2100. This is primarily because SWIPA and similar estimates use 
more empirical or observationally-based estimates, whereas AR5 
relied on more process-based projections, including especially 
the extensive ice2sea project.5 Confidence in projections of global 
mean sea level rise has increased since the 2007 AR4 because of 
improved understanding of the different contributing factors of 
sea level, greater agreement of process-based models with actual 
observations, and better inclusion of ice-sheet changes. 

Empirically based projections do tend to produce higher 
rates of sea level rise, and SWIPA estimated 0.9–1.5 meters by 
2100. The review in 2013 by AR5 of the semi-empirical models 
noted that there is no consensus in the scientific community 
about their reliability, but with the improvements noted above, 
the IPCC in AR5 increased its estimates from its 2007 assess-
ment, projecting about 0.5–1 meter (52–98 cm) sea-level rise 
by 2100 if greenhouse gas emissions continue at current rates 
(upper band in Figure 14 below). With CO2 mitigation measures, 
this maximum of one meter of sea-level rise could be reduced 
down to 0.54m (lower band in Figure 14), but with a lag in sea 
level response. 

Characterizing the additional amount of avoided sea-level 
rise from avoided warming from SLCP measures is difficult and 
highly dependent on the baseline used. A recent study (Hu et 
al. 2013) of the potential impact of SLCP mitigation on sea-level 
rise, when based on the more conservative 28 cm rise estimate 
of the previous IPCC Report AR4 (2007) that only considered 
thermal expansion, found that the mitigation efforts similar to 
those suggested by the UNEP/WMO Assessment would cause 

a leveling of the rate of sea-level rise by 2050 and a downward 
trend in rate beginning by 2060 were the SLCP measures com-
bined with CO2 reductions aimed at a stabilization of CO2 levels 
at 450 ppm (the “OECD/IEA 450” scenario) (see Figure 15a). This 
could avoid about 10 cm of sea-level rise by 2100 with action on 
SLCPs alone, about 42 percent of projected sea-level rise in BAU 
cases. (Note that the Hu et al. study also assumed additional 
controls on hydrofluorocarbons, which otherwise would lead to 
additional mid-century warming.) A higher baseline sea-level rise 
projection, taking into account land ice melt, might expand the 
amount of avoided sea-level rise. Hu et al. therefore also con-
sidered potential sea-level rise from both thermal expansion and 
land ice melting; using an empirical approach similar to SWIPA, 
they find a baseline of around one meter, which is consistent 
with the lower SWIPA range and the highest AR5 range. Under 
that scenario, SLCP mitigation could potentially help the globe 
avoid 25 cm of sea-level rise; and, at the higher SWIPA end, 
nearly 0.5 meters (See Figure 15b).

At the same time, the Hu et al. modeling used a global mean 
temperature decrease of around 0.5 degrees by mid-21st century 
from SLCP mitigation, consistent with the UNEP/WMO Assess-
ment; it did not, however, take into account regional differences 
in temperature response (including the even greater decrease in 
warming in the Arctic of 0.7 degrees in the UNEP Assessment).

This points to the possibility of an even greater decrease in 
sea-level rise based on the modeling in this report, given the con-
tribution of Greenland and other Arctic land-based glaciers to melt 
runoff. Compared to the UNEP Assessment, the report modeling 

Figure 14: AR5 Projections of Global Mean Sea-level Rise 
over the 21st Century Relative to 1986–2005 (with low and 
high scenarios for CO2 emissions shown on the graph). 
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Figure 15a: Sea-level Rise (Thermal Expansion Only) with 
SLCP Measures
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points to an even higher potential for slowing temperature rise 
in all cryosphere regions, and especially in the Arctic; where the 
potential decrease from all SLCP measures may be on the order of 
1.0–1.5°C, compared to the 0.7°C in the Assessment. As a result, 
the actual potential of short-term climate pollutant measures for 
slowing or mitigating risks from sea level rise, especially when 
combined with 450 ppm CO2 scenarios, may be highly significant.

Such a slowing in rates of sea-level rise may prove the differ-
ence between continued existence and total loss for much of the 
world’s population centers in low-lying regions (especially for 
extreme weather events, where storm surges can range from 1–4 
meters). In addition, as noted in Chapter 2, there are some indica-
tions that higher temperatures may set in place melting processes 
on Greenland and Western Antarctica that could persist even after 
a peak in CO2 levels occurs. Some studies indicate that point may 
already have passed, with AR5 placing that threshold somewhere 
between a 1–4°C global mean temperature rise.6 

Limiting the risk of such future sea-level rise through slowing 
and limiting the cryosphere’s rise in near-term temperature may 
provide one of the strongest reasons for the global community 
to consider urgently adding SLCP measures to the mix of climate 
mitigation measures 

Finally, it must be emphasized that the potential slow-
ing of rates of warming in the cryosphere, and modeled risk 
reductions, is based on full implementation of these reduction 
measures by 2030, with results benchmarked at 2050. Any 
climate benefits from SLCP reductions by 2050 would become 
minimally important in the long-term, if not accompanied by 
CO2 reductions at least as significant as those included in the 
OECD/IEA 450 scenario.7

5.7	 Global Benefits

Although this study focuses on cryosphere regions due to the great 
need to slow warming there in the near-term, and the effectiveness 
of black carbon and methane reductions to do so, the research 
employed global models and produced global results. At a global 
scale, the modeling results for all methane and black carbon reduc-
tion measures proved more robust with greater benefits than those 
from the UNEP/WMO Assessment. Modelers attributed these greater 
benefits to (1) better emissions estimates for black carbon sources, 
especially cookstoves; oil and gas flaring; biomass and coal heat-
ing stoves; and open burning; (2) better modeling of atmospheric 
processes, especially of the indirect (cloud) effect of aerosols; and 
(3) updated estimates of black carbon radiative forcing. 

Results from the four global climate models used, including 
ECHAM, Hadley, and two GISS versions, confirmed that uncer-
tainties remain large for the radiative forcing over non-cryosphere 
regions. This is due to differences in estimates for biomass reduc-
tion measures (e.g., cookstoves and open burning), especially due 
to different ways of dealing with black and organic carbon mixes.

5.7.1 Global Health Benefits

This report modeled the health, crop, and forestry impacts of methane 
reductions for the seven methane measures, relying on multi-modal 
modeling and combining two different model results (including 
GISS and ECHAM) to determine the methane levels which highly 
impact ozone. Ozone primarily affects crop and forestry yields, but 
also has a smaller yet significant impact on human health. Higher 
levels of ozone, in particular peaks during the summer months, 
result in lower growth of both food crops and forests, and thus a 
decrease in crop yields. Those peaks also depend on overall back-
ground concentrations: imagining overall ozone levels as an ocean, 
the “peaks” are like waves that come under certain atmospheric 
conditions; if the overall background levels go up so do the peaks, 
with resulting crop damages and higher risks to human health.

No pollution sources produce ozone directly. Instead, other 
polluting gases—methane and other volatile organic compounds 
(usually shortened as NMVOCs, or Non-Methane Volatile Organic 
Compounds, to differentiate them from methane), nitrogen oxides, 
and carbon monoxide—react when exposed to sunlight to form 
harmful ozone. Together, these four groups of gases are called 
“ozone precursors.” Reducing methane through direct reduc-
tions proves an important means to reduce ozone (with resulting 
health and crop improvements) while also providing near-term 
climate benefits. 

The black carbon measures also reduce many ozone precursors. 
Combining all 14 black carbon and methane measures included 
in this report therefore provides the best measures of potential 
improvements for human health, crop yields, and forestry.

Figure 15b: Sea-level Rise (Including Projected Land Ice Melt) 
with SLCP Measures
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Both the BenMAP and FASST tools were used to calculate health 
impacts from black carbon reduction measures in the different 
cryosphere source regions, as well as globally. In the UNEP/WMO 
Assessment, the FASST method resulted in higher estimates than 
subsequent estimates using tools similar to BenMap (Anenberg 
et al. 2012) for the UNEP Action Plan. That pattern held in this 
report as well, with total global benefits estimated at 2.3 million 
lives saved annually under FASST, compared to about 1.8 million 
using BenMAP. This figure is still higher than the FASST results (2.1 
million avoided annual deaths) for the UNEP/WMO Assessment.

Using the 2010 Global Burden of Disease baseline mortality 
rates, American Cancer Society concentration-response functions, 
and UN population projections, among other inputs, BenMAP 
calculates health benefits by country. The distribution of mortal-
ity benefits is shown in Figure 16. National tables are provided 
in Annex I. The global total using this method for all measures, 
and averaging between the two models (GISS and ECHAM), was 
1.8 million avoided deaths annually (see Table 4). Approximately 
89 percent of this decrease in mortality comes from black carbon 
(PM2.5) measures, with the remaining 11 percent from ozone 

Table 4: Estimated Premature Mortality Avoided based on the U.S. EPA’s BenMAP tool and the European Commission Joint 
Research Center’s FaSST Tool.

Annual Avoided Premature Mortality in 2030

Description BenMAP/USEPA FaSST/EC JRC
Fan-assisted Cookstoves (global replacement) 1,000,000 1,350,000
Pellet Woodstoves (global replacement) 120,000 120,000
Briquette Coal Stoves (global fuel replacement) 110,000 115,000
On-road Diesel (EURO-VI) 180,000 340,000
Off-road Diesel (EURO-VI) 160,000 340,000
Oil and Gas Flare Reduction (Industry Best Practice) 17,000 21,000
Fires – Global 50% Reduction 190,000 270,000
All methane measures combined 37,000 90,000
Global Total Avoided Premature Mortality 1,814,000 2,646,000

Figure 16: Regional Distribution of Avoided Premature Mortality in 2030 as Estimated by the BenMAP Tool for all PM2.5 and 
Ozone Impacts with All Measures Combined (including the fan-assisted cookstove measure and the 50-percent reduction in 
global fire measure)
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impacts primarily related to the methane measures (but also includ-
ing other ozone precursors arising from black carbon reductions).

Deploying advanced cookstoves provided for over half the 
number of overall avoided deaths. The GBD has estimated total 
deaths from cookstoves at four million if deaths from household 
level (indoor) smoke exposure are included. This means the likely 
total benefit from implementation of all SLCP reduction measures 
could be far higher if all premature deaths from cookstoves, 
including household-level smoke exposure, are included. Better 
quantifying this potential will require more regionally based work 
such as that outlined in Box 2; but it clearly is quite large.

It is notable that recent studies have associated the smallest 
of particles—smaller even than PM2.5, which includes black car-
bon—with the most severe effects from local particle pollution, 
especially diesel (International Agency for Research on Cancer 
2012). 

 Researchers have speculated that these smallest “carbonaceous 
particles” fasten deeper in the lungs, proving difficult to cough 
out; bind more toxic substance; and more-easily cross the barrier 
between the lungs and the bloodstream. This may mean that the 
same actions designed from a black carbon reduction standpoint 
may also prove effective in improving human health. 

5.7.2 Global Crop and Forestry Benefits

FASST was used to calculate the impact of the emissions reduc-
tion measures on agricultural yields due to decreases in ozone 
pollution. Impacts on crops arise from all methane emissions (see 
Table 5), though decreases in ozone also result from black carbon 
measures (and especially diesel). The potential crop yield increase 
with all methane measures combined was more than 12 million 
metric tons annually, and the total for all measures was 31 million 
metric tons. The benefits in China alone exceeded seven million 
metric tons annually from all measures.

Although much of these benefits come from methane 
impacts spread more evenly across the globe, per the discus-
sion above the black carbon measures producing ozone pre-
cursors—especially, diesel use—have much more of a local 
impact on crops. The greatest crop benefits therefore arise in 
regions with large potential diesel reductions, due primarily 
to reductions in associated nitrogen oxide emissions. The two 
diesel measures each increased the total yield of the four staple 
crops by around 7–9 million tons annually. Owing to the carbon 
monoxide emissions from cookstoves, that control measure 
also provided substantial crop yield benefits of approximately 
1.5-–2 million tons annually.

The benefits were highest in regions with the greatest cur-
rent diesel emissions. For example, the increase in crop yield due 
to on-road diesel measures exceeded five million tons in South 

Asia (including India), nearly four million tons in China, over 
two million tons in Latin America, and over one million tons in 
Southeast Asia. Benefits to crop yields were also substantial in 
North America, at over three million tons, with two-thirds of that 
amount arising from methane reduction measures.

Potential forest and timber yield impacts may also be signifi-
cant. While methods are under development (Box 7), the analysis 
indicates results that are extremely species-specific and regional 
in nature. Further research into these impacts is important, given 
the contribution of the forestry industry to developing and OECD 
countries and the key role played by forests in REDD and as a 
sink for mitigation of greenhouse gases.

5.7.3 Global Climate Benefits

Methane
As a globally well-mixed gas, methane reductions anywhere 
decrease methane concentrations in the atmosphere almost evenly 
across the globe. As a result, the decrease in radiative forcing 
from all of the modeled methane measures is approximately 
an even –0.32 W/m2 throughout the globe. The temperature 
and climate impacts are, however, far less uniform, with land 
and cryosphere regions—especially in the Arctic—showing far 
greater benefits: 2–3 times the global mean in the Arctic, and 
50-percent greater in much of Antarctica and the Himalayas. 
This is reflected in the regional information above and shown 
globally in Figure 17.

Table 5: Annual Increase in the Yield of Four Staple Crops (Wheat, 
Rice, Maize and Soybean) Due to the Surface Ozone Change 
Associated with each Black Carbon Measure and All Methane 
Measures Combined

Description

Avoided Crop 
Losses (metric 

tons)
LPG/Biogas Cookstoves (global replacement) 1,690,000
Fan-assisted Cookstoves (global replacement) 1,810,000
Pellet Woodstoves (global replacement) 275,000
Briquette Coal Stoves (global fuel replacement) 32,000
On-road Diesel (EURO-VI) 9,460,000
Off-road Diesel (EURO-VI) 7,130,000
Oil and Gas Flare Reduction (Industry Best Prac-
tice) 220,000
Fires – Global 50% Reduction 2,480,000
All methane measures combined 12,380,000
Global Total Avoided Crop Losses  
(using fan-assisted cookstove measure) 33,787,000
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Box 7: Forestry Benefits

The Stockholm Environment Institute studied potential forestry 
impacts for this report, applying modeling methods developed 
within the UNECE Convention on Long-range Transboundary Air Pol-
lution (LRTAP).  These methods focus on estimating the influence of 
the black carbon reduction measures on ozone levels in relation to 
critical levels (CLs) of ozone.  Levels of ozone above these CLs may 
affect the growth of key species in temperate and boreal forests and 
therefore decrease timber yields.  The most well-studied CLs at this 
time are primarily for European birch and beech.  These species are 
known to be sensitive to ozone, and today occur largely between 
35–65° North latitude. As well as black carbon measures, SEI inves-
tigated the influence of the OECD 450 (or low GWP) scenario, which 
includes some methane measures. Methane was not, however, 
modeled separately.

Bar Chart for all Scenarios Showing the Range in the Average 

Difference in the CL Exceedances (2030 Reference—2030 emission 
scenario) found in the 35–65°N Latitude Bands. 

The greatest benefit came from the Low GWP/450ppm scenario, 
with a combination of CO2 and methane measures that cut ozone 

significantly.  Three black carbon reduction measures also cut CL 
exceedance quite significantly: diesel (both on-road and off-road) 
and a 50-percent decrease in open burning.  The combination 
of these three measures approximately equals that of the Low 
GWP/450ppm measures.

Percent Reduction in Biomass Annually in Birch and Beech 
Based on Exceedance of Ozone Critical Levels (with ozone levels 
quantified as accumulated hourly concentrations above 40 ppb over 
the growing season (AOT40; ppm h).

These differences in ozone levels can prove quite significant 
for annual tree growth, which is important not only for the value of 
the resulting timber for wood products but also for the effectiveness 
of forests to serve as a significant sink for drawing carbon from the 
atmosphere. (Note in the above chart the four temperate wood spe-
cies, where the dotted lines represent the CL used in this study).

The impacts of all reduction measures were, however, extremely 
regional in nature; while the diesel and low GWP/450ppm measures 
had their greatest impact in the northern hemisphere, open burning 
impacts were noted primarily in the southern hemisphere, especially 
southwestern Africa.  The impacts of ozone levels have not been 
studied to the same degree for tropical and southern species, so 
for the moment these measures can speak only to the impact on 
forestry operations in northern temperate climates.  
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5.8	 Black Carbon: Radiative Forcing 
and Regional and Global Uncertainties

There are challenges to modeling temperature impacts as a result 
of radiative forcing from black carbon. Radiative forcing measures 
the change in energy absorbed at the top of the atmosphere, but 
this does not directly translate into a change in temperature on 

the ground. Due to a variety of complex factors, such as clouds, 
prevailing winds, and other atmospheric dynamics still not well 
understood, the effect of radiative forcing tends to “move” or 
spread out, especially as one leaves the polar regions.

A second challenge to estimating climate impacts from black 
carbon comes from different estimates of how much radiative 
forcing is caused by the source emitting the black carbon and 
other co-pollutants. This is one reason why this report uses three 
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Figure 17: Annual Average Avoided Surface Warming Attributable to the 0.32 W m–2 Reduction in Forcing Stemming from the 
Methane Emission Reductions based on 10 CMIP5 Simulations.

Figure 18: Probability Density Functions (pdfs) for the Total Forcing due to All the Measures. PDFs are calculated using the mean 
of three methods (UNEP-based, Bond-based, and the mean of those two for direct plus GISS internally calculated indirect) as 
the central estimate and the largest of the three standard deviations as the range.  Numerical values are central estimate (W m–2); 
probabilities for RF<0. Values for the Andes are -0.3 W m–2; 68%.

5   (°C)
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different methods to arrive at estimates for black carbon forcing, 
reflecting different assumptions. These assumptions are based on 
an analysis of many years of scientific literature, and the resulting 
knowledge on model behavior and biases with respect to obser-
vations and the enhanced effectiveness of black carbon albedo 
forcing. The first approach applies the estimates used for black 
carbon in the UNEP/ WMO Assessment. The second approach 
uses the estimates reached by Bond et al (2013), a study involving 
over 30 researchers that attempted to “bound” or define the uncer-
tainties around black carbon. The third approach has estimated 
the aerosol-cloud forcing derived directly from the model itself 
(the GISS AIE model). All three sets of assumptions, however, 
result in a fairly consistent estimate of black carbon forcing on 
and over snow and ice. 

This report compared the results of these three sets of assump-
tions (Figure 18) and found that the probability that measures 
actually would decrease radiative forcing was much greater in the 
larger cryosphere regions: both polar regions and the Himalayas. 
The smaller the overall surface of ice and snow, the poorer the 
agreement among models.

Large uncertainties remain in evaluating regional radiative 
forcing; while the models used in this report sometimes behaved 
differently in that respect, it remains critical that tools with the 
ability to discern regional impacts are used for assessing the net 

forcing of species, like black carbon, that vary spatially. (See Annex 
2 for a longer discussion of this issue). These results underscore 
the need for more regionally based modeling, and perhaps more 
observational work as well as estimating how much black carbon 
is on the surface and in the air in the relatively smaller cryosphere 
regions (which still might show quite a bit of impact from local 
sources).

At the global level, however, calculating temperature impacts 
requires very long modeling runs beyond the scope of this report. 
The 2012 Science paper based on the UNEP/WMO Assessment 
work (Shindell et al. 2012) did conduct this sophisticated model-
ing, resulting in the global patterns of temperature impacts from 
the UNEP/ WMO Assessment measures shown in Figure 19. 
Given the stronger black carbon radiative forcing results from the 
modeling done for this report, a similar global pattern is likely to 
emerge. The modelers’ estimated temperature benefit from all 14 
measures, based on a partial run of the GISS-E2-R model, was at 
1.0–1.5°C in large parts of the Arctic and Antarctica; and around 
1.0°C in the Himalayas and Central Asia—a greater than 75-per-
cent reduction in projected temperature rise in these regions. That 
modeling also showed significant decreases in temperature in the 
southern African highlands and northwest Africa, and in some 
portions of New England and the southwestern United States and 
the maritime regions of the U.S. and Canada.

Figure 19: All Methane and Black Carbon UNEP/WMO Assessment Measures. Source: Shindell et al. (2012), using GISS-E2-S. 
From Simultaneously Mitigating Near-Term Climate Change and Improving Human Health and Food Security. Science 335, 
183–189. Reprinted with permission from AAAS
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Endnotes
1	 This report makes the following assumptions regarding relative risk of air pollution health impacts which are different than GBD: (i) any amount of PM2.5 has health 
impacts; (ii) all-cause mortality is used to extrapolate health risk in other parts of the world; and (iii) linear impacts exist at high concentrations. These assumptions could 
lead to over- or under-estimating the final results. For example, using all-cause mortality could lead to overestimation because relative-risk estimates from the U.S. are extrapo-
lated to other parts of the world where people are dying of causes that might not be influenced by air pollution; however, using cause-specific mortality could underestimate 
impacts because it wouldn’t capture all the mortality causes affected by air pollution, except the major ones—cardiovascular, pulmonary, and lung cancer. Furthermore, the 
assumption of linear impacts at high concentrations as used in this report compared to the GBD assumption of declining health impacts at high concentrations remains a 
subject of scientific debate, as does the assumption of an air pollution concentration threshold below which there are no health impacts used in the GBD.
2	 While this tool has not yet been published, it was reviewed by World Bank expert staff.
3	 Arctic Council Task Force on Short Lived Climate Forcers (2013).
4	 IPCC AR5 findings suggest a significant increase in the radiative forcing of methane than was assessed in AR4 (0.47 to 0.98 W/m2) due to impacts by methane on ozone, 
water vapor, and other emissions that indirectly affect methane.
5	 See http://www.ice2sea.eu.
6	 “Sustained mass loss by ice sheets would cause larger sea-level rise, and some part of the mass loss might be irreversible. There is high confidence that sustained warming 
greater than some threshold would lead to the near-complete loss of the Greenland ice sheet over a millennium or more, causing a global mean sea-level rise of up to 7 m. 
Current estimates indicate that the threshold is greater than about 1°C (low confidence) but less than about 4°C (medium confidence) global mean warming with respect 
to pre-industrial levels. Abrupt and irreversible ice loss from a potential instability of marine-based sectors of the Antarctic Ice Sheet in response to climate forcing is pos-
sible, but current evidence and understanding is insufficient to make a quantitative assessment.” Working Group I Contribution to the IPCC Fifth Assessment Report (2013).
7	 See 450 Scenario at www.iea.org.
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Discussion: Implications for Sectoral Actions

The abatement measures assessed in this report, like those 
from the UNEP/WMO Assessment on which it is based, 
come from a list of sources of pollution and greenhouse 

gases. Scientists have identified these reduction measures because, 
combined with their health and development benefits, these mea-
sures1 reduce a mixture of aerosols that can lead to a near-term 
(by 2050) decrease in radiative forcing and, as this report now 
shows, slower warming and melting in the cryosphere. Other 
climate and pollution actions may slow long-term warming or 
provide important health benefits, or both; but this report focused 
on exploring those that combine development and near-term, 
regional cryosphere benefits. While some actions might be con-
sidered immediately by policymakers, especially where combined 
climate and health benefits seem clear, others will require more 
region and country-specific analysis, including feasibility studies 
and cost-benefit analyses.

This section looks at sectoral and source-based opportunities 
to reduce black carbon and methane rather than black carbon and 
methane impacts in isolation from their sources. The discussion 
below begins to address some of the policy and operational impli-
cations of the different identified sources and sectors, including 
barriers to adoption. 

6.1	 Biomass Cookstoves

By far, cookstoves measures emerged as the greatest single source 
of benefits for health and the cryosphere in the modeling—indicat-
ing an opportunity for early and urgent action. 

From a cryosphere preservation standpoint, addressing this 
source provided the largest benefit, from the Himalayas to the 
Arctic to (rather surprisingly) Antarctica. Most of this benefit 
arose from direct forcing of black carbon in the atmosphere, 
which over snow and ice provides a clear degree of radiative 
forcing. Even though most of the black carbon falls out of the 
atmosphere much closer to the main source regions, the amount 
of emissions from cookstoves is so great that even though only a 
relatively small percentage reaches these cryosphere regions, the 

modeling indicates it is still enough to make a measureable impact 
on radiative forcing in all cryosphere regions.

Cookstoves affect the health of a high percentage of the popu-
lation in all three alpine source regions, as well as in countries 
outside those regions where biomass cookstove use remains high 
(e.g., Sub-Saharan Africa). It bears noting that health impacts 
in the Arctic mirrored this health impact for biomass and coal 
heating stoves: substituting improved heating stoves resulted in 
nearly 230,000 avoided annual deaths in the Arctic source region 
(see Table 3 for a definition of source regions).

Nearly three billion people living in developing countries—
close to half the world’s population—rely on biomass (wood, 
charcoal, dung, and crop residues) and coal burning to cook 
their food and heat their homes; they face daily exposure to 
smoke. Recent studies (International Agency for Research on 
Cancer 2012) have found that the tiniest particles within such 
particulate pollution (smaller than PM2.5), inflict the gravest 
respiratory damage. Once lodged in the lungs, these superfine 
particles—which include black carbon/soot—cannot be coughed 
out, creating the conditions for disease. The Global Burden of 
Disease estimates that some four million people, mostly women 
and young children, die prematurely each year from the effects 
of poorly ventilated household smoke. This toll now exceeds 
estimates of annual deaths from HIV/AIDS, tuberculosis, and 
malaria combined.

Demand for wood-fueled energy can have serious negative 
effects on forests and woodlands where large and sometimes lucra-
tive wood-fuel markets create incentives for forest and woodland 
clearance, or where rural communities depend on fragile ecosystems 
that are already under environmental stress. In addition, the daily 
burden of firewood collection contributes to gender inequality, 
by preventing women and girls from spending time in school or 
engaged in productive economic activities while exposing them 
to a higher risk of sexual violence. 

Encouragingly, the modeling showed nearly equal health 
benefits from two different approaches to replacing traditional 
cookstoves: (1) replacing biomass cookstoves with a 50/50 
combination of liquid petroleum gas (LPG) and biogas, which 
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achieved the greatest potential reduction; and (2) from replace-
ment by fan-assisted/forced-air biomass cookstoves, at least for 
outdoor air exposure to stoves pollution (the modeling did not 
capture household/indoor impacts, which might increase this 
difference). This flexibility in approach addresses one key barrier 
to effective cookstoves programs, that of fuel availability options. 
Although considered a “gold standard” technology, biogas or LPG 
fuel replacement (or replacement by sustainable production of 
ethanol, under increasing use in Africa) may not meet the needs 
of the rural poor. In particular, wood, dung, and grass may prove 
cheaper or more widely available.

Biogas digesters, which convert manure from cows, pigs, and 
even human waste to cooking fuel, are commercially available 
in sizes ranging from a single household to a small village; so 
are larger installations that gather such waste and distribute the 
gas. Ethanol provides a third alternative fuel in growing use in 
Africa, and the health and climate benefits should equal those of 
LPG and biogas. The ethanol needs to be sustainably produced, 
however, given competing demands for land and water use for 
cultivation. 

All four cookstove models—LPG, biogas, ethanol, and forced-
draft stoves—have been proven to reduce particle pollution and 
black carbon, but they present different challenges for implementa-
tion. Fugitive methane emissions can occur from the two gas-driven 
stoves; and a badly-maintained or improperly used forced draft 
stove will emit copious amounts of smoke and black carbon. In 
addition, all the stoves must be used on a regular basis and main-
tained properly to effectively curb pollution emissions. Training, 
proper maintenance, and long-term monitoring and evaluation 
must be essential elements of cookstoves replacement programs. 
Past experience also shows that the sustainability of cookstoves 
programs is dependent on the sociocultural context, market condi-
tions, and affordability (World Bank 2011). Cookstoves designed 
without the user in mind have often failed; as have programs that 
lack after-sales services and donor-driven handouts of expensive 
cookstove models. 

Despite these challenges, the costs of continued traditional 
cookstove use in terms of family health and welfare—not to men-
tion the climate impacts—speak to intensified efforts to overcome 
these barriers and increased “learning by doing;” this is similar 
to the approach used by donors in the HIV/AIDs, malaria and 
TB health crisis of the late 1990s. The barriers to distribution 
and proper use of cookstoves include some striking similarities 
to the public health challenges of these three infectious diseases: 
the need to solve issues of distribution (which, for anti-retroviral 
drugs, included keeping the supply cold throughout the supply 
chain in rural areas without refrigeration); education in proper 
use; and ongoing monitoring, evaluation, and follow-up.

Hundreds of public and private initiatives exist to bring cleaner 
cooking solutions to women across the developing world. These 

efforts include commercial and nonprofit enterprises, carbon 
finance schemes, national and intergovernmental development 
projects, and humanitarian assistance programs.2 Not all of these 
programs, however, address emissions in a way that might be 
expected to bring proven health and climate benefits, with only 
incremental improvements in emissions levels. As a first step, 
interventions could perhaps seek to focus these many existing 
efforts on the four clean cooking solutions proven to maximize 
those benefits.

Addressing local barriers to improved cookstoves adoption 
is key, as are affordability and well-designed monitoring and 
evaluation programs to ensure proper use over time. These four 
advanced cookstoves perform well (decrease emissions) in labo-
ratory conditions, but far more field work in connection with 
stove replacement programs is needed to ensure that the benefits 
are realized, endure, and can be replicated. The just-completed 
pilot phase of Project Surya in India, for example, found that in 
field testing using forced draft stoves, particle and black carbon 
emissions were reduced by 60–80 percent.3 However, the cost of 
advanced cookstoves needs to come down substantially for poor 
households to be able to afford them.

The World Bank supported, recently announced Government of 
China’s Clean Stove Initiative (World Bank 2013) is a good example 
of a cookstove program beginning with a deep understanding of 
the local country’s household cooking and heating technologies 
and markets, a review of the existing policies and institutional 
framework for cooking and heating fuels, and identification of 
lessons from successful programs that can be applied to promote 
clean cooking solutions.

6.2	 Biomass and Coal Heating Stoves

Modeling of the emission reduction measures for biomass and 
coal heating stoves improved on previous studies by placing use of 
these stoves when it most often occurs: during the colder months. 
This resulted in clearly higher climate impacts in the Arctic and 
Eastern Himalayas; it also resulted in somewhat higher health 
impacts in northern Europe where biomass stove use is growing 
and in parts of Eastern Europe and China for coal stoves. 

Rising oil prices, combined with climate change policies aimed 
at promoting renewable energy over fossil fuels, have contributed 
to greater use of solid biofuels, especially wood, for household 
heating. Many recent studies in Europe have associated the grow-
ing use of wood heating as a source of winter air pollution—in 
some cities, such as Berlin, it is becoming the most significant 
source of particle pollution even when averaged year-round. Wood-
burning stoves and fireplaces, as well as boilers, have long played 
a central role in home heating in Nordic countries. A 2012 study 
by the International Energy Agency concluded that even in the 
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absence of a global climate change agreement, biofuel use in the 
residential sector will increase (IEA and Norden 2012). Hence there 
is an urgent need to design and implement an effective approach 
to limiting black carbon emissions from home heating sources as 
their use continues to rise. 

In addition to the measure modeled for this report—replacement 
of whole (log) wood biomass stoves by pellet stoves and boilers, 
which like their forced-draft cookstove counterparts significantly 
cut emissions of all pollutants (including black carbon)—many 
countries have extensive experience limiting emissions from 
wood burning for air quality purposes. Such measures include not 
only direct regulation, but also consumer incentives to switch to 
cleaner-burning stoves, voluntary standards (such as the Nordic 
Swan label),4 and consumer information campaigns on how to 
use stoves more effectively.

In addition to the modeled measure of fuel replacement by coal 
briquettes, there have also been successful reductions in China of 
coal stoves through replacement with LPG or biogas stoves; this 
usually occurs when such stoves are used more for cooking than 
heating. Briquettes offer a cost-effective interim solution that can 
be used in existing stoves. 

6.3	 Open Burning

The 50-percent decrease in open burning modeled for this report 
showed little climate impact; it did show, however, surprisingly 
strong health benefits, ranking it as the second most-effective 
mitigation measure in health terms (though it still ranks below 
cookstoves by nearly a factor of 10). This reflects the large amount 
of particle pollution released as burning occurs, with most health 
impacts occurring quite close to the source. 

Using the “northern Eurasia” option for open burning (90-per-
cent decrease) yielded appreciable climate impacts, not just in the 
Arctic but also in the Himalayas, which borders some extensive 
seasonal burning in Kazakhstan and Mongolia. This indicates that 
when open fires are controlled to their greatest extent, not only 
health but climate benefits could prove quite significant. Outside 
high altitude and boreal regions, almost all open burning occurs 
as a result of anthropogenic activities, whether set agricultural or 
forestry fires or waste or camp fires that grow out of control (Giri 
and Shrestha 2000; Flannigan et al. 2009). 

Introduction of no-burn alternative agricultural methods has 
resulted in higher yields and profits for many farmers in Western 
Europe. Public information campaigns to prevent accidental fires 
can also prove quickly effective. Both measures are relatively 
inexpensive. Greater exploration of the true reduction potentials 
for open burning in other regions of the world, beginning with 
characterization of what is being burned and the motivations 
behind it, could be a necessary first step. 

6.4	 Diesel

The greatest benefits from diesel measures—whether aimed at on-road 
transport or off-road machinery (such as construction and farming 
equipment)—arose in developing countries where relatively dirty 
diesel engines without particulate filters are expected to continue to 
be in wide use through 2030. The Himalayan region showed espe-
cially strong impacts from diesel measures, but East Africa and to 
some degree the Andes also showed benefits both on the health and 
climate sides. Diesel reduction measures also showed strong benefits 
using two of the three sets of forcing assumptions in the Arctic, 
although results were quite weak using the GISS-AIE assumptions.

It bears noting that this measure assumes that all mobile diesel 
sources would meet EURO-VI standards by 2030 in most OECD 
countries; as a result, these reductions are not included in the 
benefits calculations. Some policy decisions that might delay this 
change—in particular, any delay in replacing the current transport 
and off-road fleets with cleaner vehicles—would change that result. 
Particle filters can reduce black carbon and PM2.5 emissions 
essentially to zero, (EPA 2012) and retrofitting vehicles with such 
filters may provide a useful means to advance this trend. However, 
doing so requires a number of specific conditions, including Euro 
III electronic injection and fueling and use of only ultra-low sulfur 
diesel. In addition, retrofitting is relatively expensive, often costing 
over €1000 for cars—and much more for construction and other 
equipment. The expense, however, might be worthwhile in urban 
areas for OECD countries where traffic concentration is high. 

It should be noted that this report did not include stationary 
diesel generators, a source that nearly all developing countries report 
has grown exponentially in past years due to unreliable energy 
supplies. Future work should seek to characterize the potential 
benefits to health and climate from improved diesel generators 
that release less particle pollution, including less black carbon. 

6.5	 Oil and Gas Flaring

This report provided better resolution of the location and, to some 
degree, size of flares compared to the UNEP/WMO Assessment. 
Flaring did have a measureable climate impact on the Arctic. 
Recent work (Stohl et al. 2013) by a European Union project 
found this source showed greater levels of black carbon deposits 
at six measuring stations than any other source globally, which 
may indicate that the modeling for this report underestimates the 
impact of flaring. Further examination of these results is needed, 
as this source may prove quite significant in the future in the Arc-
tic context given plans for expansion of oil and gas exploitation, 
and rising exploitation of shale gas that involves flaring in North 
America and elsewhere. Such activities may increase emissions 
of methane from that sector (see Methane Measures).
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6.6	 A New Measure: Wick Lanterns

This report was in progress when new work was published char-
acterizing the impacts on health and climate from wick lanterns, 
which usually run on kerosene; hence wick lamps were not modeled 
as a measure. Lam et al. (2012) estimate that wick lanterns might 
prove the second largest source of harmful particles and black 
carbon in the household setting, especially because the smoke 
arising from the wicks is almost pure black carbon. 

In many settings, replacement of kerosene wick lanterns by 
solar lanterns provides a relatively cheap and effective mitigation 
measure. The World Bank, TERI in India, and a number of private 
efforts have combined effective provision of such lanterns with 
microenterprises that include lantern charging centers, often run 
by local village women.5

6.7	 Methane Measures

Methane capture is often considered as a measure that “pays for 
itself,” assuming revenues from the sale of methane (or productive 
use of methane, such as to generate power) outweigh investment 
and maintenance costs. However, capture of methane requires 
not only investments in the technology for capture but also the 
creation of market and distribution systems. Some regions, such 
as the oil industries of the North Sea and northern Russia, exist far 
from population centers; yet even in the high-population regions 
of China, India, and Nigeria, most of the methane from these 
industries is lost to the atmosphere and enhances warming. A 
recent approach (Smith and Mizrahi 2013) to methane and black 
carbon emission reduction argued that these negative-cost options 
should not be included in estimates of SLCP reduction potential as 
they would naturally take place due to rational economic behavior; 
the track record of the past four decades argues, however, against 
such “automatic” projections for SLCP mitigation.

A number of studies have proposed different ways to make 
up the gap between potential wins from methane capture and 
the associated costs, including floor price supports for methane 
products under the Clean Development Mechanism and pay-
for-performance schemes.6 Some of these projects could carry 
extremely strong development benefits, especially when combined 
with biogas capture for cooking and heating.

Table 6 shows the relative percentage of methane reductions 
available from the seven emission reduction measures modeled. 
These measures are explored below. 

6.7.1	Oil and Gas Extraction and Mining 
Operations 

Four groups of measures involving fossil fuel extraction of coal, 
oil, and gas contribute 65 percent of the crop, health and climate 
benefits from methane reduction measures. Addressing methane 
emissions from production activities in industries could constrain 
Arctic warming by approximately 0.4°C by 2050, and on Antarctica 
and in the Himalayas by 0.2°C. For crops, reductions in ozone 
from greater control of methane releases under these measures 
would contribute about eight million metric tons of additional 
staple crop yield annually.

Much of the global efforts to cut CO
2 emissions focus on 

emissions from these fossil fuel industries. During a transition to 
less fossil-fuel intensive economies, however, the impact of the 
extraction process itself on near-term rates of warming and the 
cryosphere also needs to be addressed with great urgency. This is 
one sector where the transition to a low-carbon economy needs 
to include both the cryosphere imperative of SLCP reductions due 
to front-end industry emissions and the long-term CO2 emissions 
that result when these fuels are burned for energy.

The control of methane in mining operations has a long track 
record. Coal mining in particular can produce large releases of 
explosive methane gas that can prove extremely dangerous to 
miners and the surrounding communities. Similar risks arise in 
the oil and gas community. Almost all large-scale mining, oil rig, 
and refinery accidents, including the 2010 Massey coal mine and 
Deepwater Horizon explosions in the U.S., occur as a result of 
improperly controlled methane.

Venting or flaring methane is one way the industry controls this 
risk, but the potential impact from related black carbon emissions 
on health, crop, and climate (unless the flaring is done to highly 
efficient standards) and the inherent risk of explosion argue for an 
alternative approach. Both investment incentives and regulatory 
controls on these practices have been used to great effect (e.g., 
for Norwegian North Sea oil rigs).

Recent studies show that flaring and venting close to Arctic ice 
and snow, together with associated ship or land diesel operations 
could rapidly speed warming there through the combination of 
black carbon (from flaring and transport) and methane releases 
(Stohl et al. 2013). Hence control of risks associated with SLCP 
releases must be combined with concerns for safety and other 
environmental factors unique to operating in this fragile region. 
The World Bank coordinates the Global Gas Flaring Reduction 

Table 6: Percentage of Methane Reductions Available from the Defined Measures as Modeled

Rice paddies Livestock manure Wastewater Municipal waste Coal mines Gas distribution Oil and Gas production
6.6 4.4 2.7 20 31.1 4.9 30.3
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initiative that is working with public and private entities to address 
issues of venting and flaring in the oil and gas industry.7

6.7.2	Wastewater and Landfills

Waste management measures, for wastewater treatment and 
municipal waste or landfills, provided about 23 percent of the 
methane-related climate, health, and crop benefits in each region 
and globally. Implementation of these two measures is almost cer-
tain to bring additional benefits from the decrease in water-borne 
infectious diseases that comes with improved sanitation and water 
quality. Unfortunately, retrofitting of existing wastewater treat-
ment plants to capture methane can prove expensive. However, 
the added cost in building these technologies into plant design 
from the beginning may prove much lower.

Capture of methane from existing landfills does provide a 
negative cost over time, but the high up-front investment costs 
can be a significant barrier to implementation. New landfills, on 
the other hand, may be built in a manner that avoids methane 
production entirely. There is some evidence that landfill owners 
have designed new sites in a manner that includes methane pro-
duction and capture; they still run the risk, however, of generating 
fugitive emissions.8 Flaring of methane emissions leads to the 
production of black carbon, substituting one pollutant for another 
and creating higher levels of particle pollution around landfill sites.

6.7.3	Agriculture

Improvements to agriculture, whether from the modeled measures 
for rice paddies or livestock (or from controlling open burning) can 
bring additional benefits in terms of improved food security and 
crop yields, providing 11 percent of the total global and regional 
methane reduction measure benefits.

A number of programs already seek to address methane emis-
sions from agricultural activities. Methane from livestock manure 
is one of the fastest-growing sources of emissions, due to increased 
demand for meat across the globe. Current methane emissions 
from this source are estimated at around 20 percent of the global 
total. The modeling shows a far lower emission reduction poten-
tial from livestock methane capture, about four percent, simply 
because the most proven technologies apply only to the largest 
livestock operations. However, commercially viable “methane 
cooker” biogas technologies exist at much smaller scales, includ-
ing at the household level. They can effectively address cookstove 
emissions at the same time by employing biogas for cooking rather 
than biomass. This combination makes household scale manure 
management one of the more promising SLCP mitigation methods.

Emissions from flooded or wet-method rice paddies contribute 
a far larger proportion of estimated global anthropogenic methane 
than current potential reductions: fully 20 percent of anthropogenic 

methane emissions come from rice agriculture. As with open 
burning, however, proven alternative rice agriculture methods 
exist that can maintain yields while decreasing reliance on water 
resources and fertilizer by using an integrated approach to properly 
time both fertilizer application and irrigation. For example, many 
rice varieties in wide use today do not require the constant 3–4 
months of flooding currently employed. Although not included as 
an emission reduction measure in this report, the potential also 
exists for improved varieties of rice that can produce a much larger 
crop per paddy area and thus decrease the area of flooded fields.

In addition, use of compounds such as ammonium sulphate, 
which enhance activity of microbial groups that do not produce 
methane, can cut methane emissions under certain conditions. 
China has proven a leader in studying methane emissions from 
rice and providing alternative rice production methods. Recent 
studies indicate substantial emission reduction potential should 
other countries adopt these methods more widely.9

6.8	 Operational Implications for 
Development Financing

This report models the impacts of methane and black carbon 
emissions on the cryosphere regions of the world, and assesses the 
technical potential of pre-identified mitigation measures (based on 
a prior UNEP/WMO Assessment) to deliver climate and develop-
ment benefits. The report does not explore how to operationalize 
these measures, specifically the costs, benefits, challenges, and 
trade-offs associated with their implementation in various regions 
or countries; nor does it assess local implementation capacity and 
sustainability. Efforts to more widely implement these measures 
in the development context would need to be preceded by an 
options analysis that would evaluate the measures against these 
and other country-specific criteria and an assessment of financ-
ing models that could make these mitigation measures a reality. 
In conducting such an evaluation, it would be helpful to look at 
existing experience with implementing programs in relevant sectors. 
The World Bank’s experience implementing cookstoves programs 
and the Global Gas Flaring Reduction initiative’s experience with 
venting and flaring in the oil and gas sector are two examples 
that could be useful.

When assessing the benefits of intervention programs, it is 
less common to focus on assessing their multiple benefits (e.g., 
for the cryosphere, health, and agriculture as in this case). Assess-
ing investment programs through a comprehensive cost-benefit 
framework might provide a different prioritization of intervention 
options than conventional cost-benefit analysis. Methodologies 
and tools would need to be developed to allow such analysis and 
support decision makers with robust (economic) options analysis.
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The findings of this report highlight the imperative to explore 
sectoral interventions that can benefit the cryosphere and devel-
opment given the rapidly closing window to slow cryosphere 
changes. Enhanced outreach coupled with further regional or 
country-specific analytical work and stakeholder engagement 

could help inform operations about how to help preserve the 
cryosphere and decrease the risks associated with cryosphere 
loss while, at the same time, delivering other important devel-
opment benefits.

Endnotes
1	 With the important addition of energy efficiency measures and new technologies. For example, substitution of an electric car for an older diesel vehicle would also cut 
short-lived pollutant emissions.
2	 See examples at the Global Alliance for Clean Cookstoves: www.cleancookstoves.org.
3	 See www-ramanathan.ucsd.edu/files/PilotPhase-Final-June%2013.ppt.
4	 See www.nordic-ecolabel.org/.
5	 www.lightingafrica.org
6	 See the World Bank Report of the Methane Finance Study Group (http://documents.worldbank.org/curated/en/2013/04/18114933/methane-finance-study-group-report-
using-pay-for-performance-mechanisms-finance-methane-abatement) and various publications of the Methane Blue Ribbon Panel (www.globalmethanefund.org).
7	 www.ggfr.org.
8	 Sierra Club Report on Landfill Gas-to-Energy (January 2010). See www.sierraclub.org/policy/conservation/landfill-gas-report.pdf.
9	 Nature News (2009).
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BenMap/FaSST Global and National Health Impact 
Tables

Summary Results

Tables A1 and A2 show avoided premature mortality for each 
emissions reduction measure globally and by country as the differ-
ence between the reference scenario and the emissions reduction 
measure scenario. All values entered in the table are the averages 
of two models, NASA-GISS and ECHAM, for the sum of PM2.5 
and ozone reductions. The country values have been rounded 
off to the nearest 100. Values less than 100 have been set to zero.

In some places negative values occur indicating the possibility 
for an increase in mortality for a given measure. This can occur 
because the model simulations include variable meteorology (due 
to, for example, aerosol indirect effects on clouds); thus there is 
a small amount of year-to-year difference in concentrations that 
is not directly attributable to the emissions measures themselves. 
For both models, negative values are within the uncertainty 
range due to this meteorological variability (even if they might 
have been enhanced by the urban downscaling algorithm). All 
negative values have therefore been set to zero in Table A1 and 
in Figure 15. In general (and for the same reason) small (<500) 
positive numbers have lower confidence relative to larger values. 
Modeled health impacts also have higher confidence in countries 
within which or close to where relevant measures are implemented 
(for example, Eurasian fires in Russia and Kazakhstan or heating 
stoves in Nordic countries).

Annex 1
Table A 1: Global Avoided Premature Mortality by Scenario

Description
BenMAP/
USEPA

FaSST/EC 
JRC

Fan-assisted Cookstoves (global re-
placement)

1,000,000 1,350,000

Pellet Woodstoves (global replacement) 120,000 120,000
Briquette Coal Stoves (global fuel 
replacement)

110,000 115,000

On-road Diesel (EURO-6/VI) 180,000 340,000
Off-road Diesel (EURO-6/VI) 160,000 340,000
Oil and Gas Flare Reduction (Industry 
Best Practice)

17,000 21,000

Fires—Global 50% Reduction 190,000 270,000
All methane measures combined 37,000 90,000
Global Total Avoided Premature 
Mortality

1,814,000 2,646,000
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Modeling Methods and Parameters

Background

An integrated suite of models was used to analyze the effects of 
individual pollution emissions control measures on a number 
of indicators related to cryosphere impacts and development. 
Details for each step in the process are described here. This work 
follows on the methods established in the UNEP/WMO Integrated 
Assessment of Black Carbon and Tropospheric Ozone (2011) and 
Shindell et al. (2012).

Emissions

The effects of emission control measures were estimated using the 
GAINS (Greenhouse gas—Air Pollution Interactions and Synergies) 
model, developed by the International Institute for Applied Systems 
Analysis (IIASA). This model brings together information on cur-
rent and future economic, energy, and agricultural development, 
emission control potentials and costs, atmospheric dispersion, 
and environmental sensitivities toward air pollution (Amann et al. 
2011). These impacts are considered in a multi-pollutant context, 
quantifying the contributions of SO2, NOx, NH3, NMVOC, CO, 
and emissions of primary particulate matter and discriminating 
between fine and coarse particles as well as black carbon (BC) 
and organic carbon (OC). GAINS also accounts for emissions of 
six greenhouse gases that are included in the Kyoto protocol (CO2, 
CH4, N2O, and the three F-gases). The GAINS model is implemented 
as an interactive web-based tool and is freely available over the 
internet (http://gains.iiasa.ac.at).

In this analysis, GAINS has been used to estimate baseline 
emissions (for details of the baseline scenario see (UNEP/WMO 
2011) and the abatement potential of measures addressing 
primarily short-lived climate forcers. GAINS includes ~1650 
measures with different individual impacts on emissions which 
can be grouped into ~400 broader categories of measures, such 
as those used here (e.g., EURO-6/VI on diesel cars, on light 
duty trucks, and on heavy duty trucks have distinct effects on 

emissions but can all be categorized as part of a diesel vehicle 
measure).

Prior investigation identified 16 specific measures with a high 
potential for providing benefits both in terms of mitigation of 
global warming and reduction of air pollution (UNEP 2011). As the 
effects of methane emissions are the same regardless of the emis-
sion location, and the identified methane sources have minimal 
co-emissions, previous analyses are adequate to characterize the 
forcing impacts of the seven identified methane measures. They 
have been reported previously (Shindell et al. 2012). The analysis 
presented here focuses on the BC-related measures, incorporating 
many of the nine measures previously identified for reducing emis-
sions of products of incomplete combustion (BC, OC, CO, etc.), 
as well as some additions and modifications (Table A3). For the 
cookstove measures, these include a more rigorous evaluation of 
the emissions from either improved replacement cookstoves or 
alternative cookstoves using modern fuels, as in (UNEP 2011), 
rather than the simpler removal of emissions in the UNEP/WMO 
Integrated Assessment (2011). The 14 measures examined here 
incorporate most of the prior measures and include mitigation of 
associated gas flared at oil and gas production fields and targeted 
reduction of open biomass burning stemming from agricultural 
fires in central Eurasia or globally.

For the reduction of open biomass burning stemming from 
agricultural fires in Eurasia to EU levels, the report analyzes fire 
counts observed by the satellite-borne MODIS instrument over 
2005–2008; it then uses the land-use dataset of Ramankutty et al. 
(2008) to determine the fire count per km2 of agricultural land per 
year. The report then uses the emissions inventory GFED3,1 also 
based on satellite observations, to determine the ratio of emissions 
per km2 of agricultural land per year for the study region (using 
the Former Soviet Union as a proxy) as compared with the EU, 
obtaining a value of 12.3. Hence the best practice for agricultural 
burning was determined to be eight percent of the current FSU 
level. This value was applied to all fires from 45–60°N, 30–140°E 
on the assumption that in this area many of the wildfires are started 
from agricultural burning. A second open burning simulation 

Annex 2
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explored the impact of a 50-percent reduction in biomass burn-
ing worldwide. The other eight BC-related simulations examined 
fossil and biofuel combustion.

The combination of these measures achieve a large fraction of 
the maximum potential reductions in BC, OC, CO, and methane 
available (Figure A1) with existing control strategies. 

For both the reference case and the impacts of the measures, 
regional or national emission changes were mapped onto a 
worldwide grid using the spatial distribution by emission activ-
ity from the EDGAR database (Olivier et al. 2001), GFED3 for 
open burning measures, and the GAINS model flaring layer 
developed on the basis of the information from the World 

Bank initiative on Global Gas Flaring Reduction (GGFR; see 
also Stohl et al. 2013). 

The study assumes that emissions controls were implemented 
everywhere in the world to the maximum extent that the technol-
ogy allows. Hence the reductions represent the maximum prob-
able impact of those technologies and approaches. However, the 
measures do not encompass the full range of emissions reductions 
that could be achieved by large-scale societal changes such as 
shifting to electric vehicles (e.g., Jazcilevich et al., 2010). Nor do 
they encompass more fundamental changes, such as shifting from 
private vehicles to electrified public transportation, from trucks to 
electrified rail for cargo (in both cases assuming electricity is derived 

Table A 3: Black-Carbon-Related Measures Identified as Mitigating Climate Change and Improving Air Quality which have a Large 
Emission Reduction Potential*

Measure Sector
Road Diesel: Diesel particle filters for road vehicles as part of a move to worldwide adoption of Euro 6/VI standards Transport
Off-road Diesel: Diesel particle filters for off-road vehicles as part of a move to worldwide adoption of Euro 6/VI standards Transport
Heating Solid Biofuel: Introduction of pellet stoves and boilers to replace current wood-burning technologies in the residential sector in 
industrialized countries 

Residential

Heating Coal: Fuel switching for heating stoves using coal in developing countries Residential
Cookstoves Solid Biofuel: Introduction of fan-assisted clean-burning biomass stoves for cooking and heating in developing countries Residential
Cookstoves Biogas/LPG: Switch to clean-burning stoves using biogas (50%) or LPG (50%) for cooking and heating in developing 
countries

Residential

Brick Kilns: Replacing traditional brick kilns with improved production technologies, e.g., vertical shaft and Hoffman kilns Industry
50% Reduction Biomass Burning: Reduction of open burning worldwide by half Agriculture+
90% Reduction Eurasian Fires: Reduction of fire occurrence in Eurasian agricultural regions to EU levels Agriculture+
Flaring: Reduction of BC from gas flaring at oil and gas fields to achieve best practice levels Industry

* There are other measures than those identified that could be implemented. For example, a switch to electric vehicles would have a similar impact to 
diesel particulate filters but has not yet been widely implemented.

Figure A 1: Change in 2030 Anthropogenic Emissions Relative to the Reference for Each Measure by Emitted Component
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from clean sources), enhanced standards (e.g., fuel economy), 
or dramatically greater use of renewables (including natural gas) 
rather than fossil fuels. (e.g., Delucchi and Jacobsen 2011). Hence 
further work could usefully characterize the choices available to 
policymakers in particular regions based on these various other 
considerations aside from mitigation of global climate change 
through technical measures, and could quite reasonably come up 
with mitigation potential substantially larger than that found here.

Composition-Climate Models

The emissions changes associated with the ten control measures 
provide input to global three-dimensional composition-climate 
models to calculate their impact on radiative forcing and surface 
air pollutants. To characterize the sensitivity of the results to 
uncertainties in the representation of physical processes, multiple 
independent models are used.

The study uses the GISS model for Physical Understanding of 
Composition-Climate INteractions and Impacts (GISS-PUCCINI), 
which incorporates gas-phase, sulfate, black carbon, nitrate, and 
secondary organic aerosol chemistry within the GISS ModelE2 
general circulation model. The study uses the most recent docu-
mented version of this model, that used for the Coupled Model 
Intercomparison Project Phase 5 (CMIP5) and Atmospheric 
Chemistry and Climate Model Intercomparison Project (ACCMIP), 
hereafter referred to as GISS-E2, for which the behavior of gases 
and aerosols has been documented extensively (e.g., Shindell et 
al. 2013 a, b). The model finds pre-industrial to present-day ozone 
forcing on the low side of the range in other models, underes-
timates present-day global mean aerosol optical depths weakly 
(8–14 percent) relative to ground-based and satellite observations 
(the underestimate is ~35 percent for East Asia), and, like most 
models, appears to underestimate absorbing aerosol optical depth 
by roughly a factor of two. The total aerosol effective radiative 
forcing (direct plus indirect) in this model is in reasonable agree-
ment with other CMIP5 models—though, like the other models, 
it is a larger negative value than that inferred from estimates 
constrained with modern satellite data (e.g., Quaas et al. 2008; 
Christensen and Stephens 2011). The model has a horizontal 
resolution of 2° latitude by 2.5° longitude, with increased effec-
tive resolution for tracers due to carrying higher order moments 
at each grid box. This configuration had 40 vertical hybrid sigma 
layers from the surface to 0.1 hPa. Gas-phase chemistry includes 
51 chemical species interacting via 156 reactions. The model 
includes sulfate, nitrate, carbonaceous (black and organic, both 
primary and secondary for the latter), mineral dust, and sea salt. 
Tracer transport uses a non-diffusive quadratic upstream scheme 
(Prather 1986). Prescribed ocean simulations were performed using 
observed 2000-era sea-surface temperatures (Rayner et al. 2003), 

with most runs extended for 40 years to allow accurate diagnoses 
of aerosol indirect effects. In comparison with the version of the 
GISS-E2 model used in prior studies, the current model incorpo-
rates a more complete treatment of BC albedo forcing, including 
all snow and ice surfaces.

Coupled atmosphere-ocean runs were also performed using 
the GISS-E2-R version of that climate model. Those simulations, 
whose results are described in the climate impacts section, con-
sisted of a control simulation with reference to 2030 conditions and 
a simulation incorporating half the methane reduction measures 
analyzed here. The coupled ocean-atmosphere model was run for 
78 years with analysis carried out over the last 58 (i.e., excluding 
the initial equilibration of the model, though full equilibration of 
the deep ocean can in fact take centuries).

The study performed simulations with a second version of 
the GISS model that uses the same atmospheric model but has 
very different, independent aerosol model called the Two-Moment 
Aerosol Sectional (TOMAS) aerosol microphysics model (Lee et 
al. 2014, in preparation). The GISS-E2-TOMAS version has the 
same basic physics and resolution as the GISS-E2 model, but this 
model predicts aerosol number and mass size distributions by 
computing total aerosol number (i.e., 0th moment) and mass (i.e., 
1st moment) concentrations for each species (sulfate, sea-salt, 
internally mixed elemental carbon, externally mixed elemental 
carbon, hydrophilic organic matter, hydrophobic organic matter, 
mineral dust, and aerosol-water) in 12-size bins ranging from 
10 nm to 10 µm in dry diameter (Lee and Adams 2012). The 
model thus has 108 size-resolved aerosol tracers plus three bulk 
aerosol-phase and five bulk gas-phase species (versus 15 aerosol 
tracers in GISS-E2). Water uptake by sulfate, sea-salt, and hydro-
philic organic matter is accounted for in the model. The tracer 
transport scheme and gas-phase chemistry are nearly the same 
as in GISS-E2, except that in GISS-E2-TOMAS, aerosols do not 
affect photolysis rates, a simpler representation of SOA is used, 
and nitrate chemistry is not included. The deposition scheme is 
basically the same as that in GISS-E2 except that size-resolved 
deposition processes are used for aerosols (Lee and Adams 2012). 
For example, modified Köhler theory is applied for aerosol in-cloud 
scavenging, and a size-dependent gravitational settling of particles 
and a size-dependent resistance in the quasi-laminar sublayer are 
used. Due to the much greater complexity of this aerosol model, it 
is significantly more computationally expensive than the simpler 
mass-based GISS-E2 model, and hence only a few measures could 
be examined with this version.

The study uses a fully coupled photochemistry-aerosol-climate 
model ECHAM5-HAMMOZ, which is based on the general circula-
tion model (GCM) ECHAM5, developed at the Max Planck Institute 
for Meteorology (Pozzoli et al. 2008; Roeckner et al. 2006). The 
ECHAM5-HAMMOZ model (simply referred to as ECHAM in the 
following sections) is described in detail in Pozzoli et al. (2008). The 
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gas-phase chemical scheme has been adopted from the MOZART-2 
model (Horowitz et al. 2003), and includes 63 transported tracers 
and 168 reactions to simulate O3 and the NOx-HOx-hydrocarbons 
chemistry. The aerosols are described by 7 log-normal modes. Four 
modes are considered as hydrophilic, internally-mixed, aerosols 
composed of sulfate, organic carbon (OC), black carbon (BC), 
mineral dust, sea salts, and water. Three additional modes are 
considered as hydrophobic aerosols, one composed of an internal 
mixture of BC and OC, and one of externally-mixed mineral dust 
(Stier et al. 2005; Vignati et al. 2004). Hence the ECHAM5-HAMMOZ 
aerosol model, in calculating both aerosol mass and number, is 
more similar to the GISS-E2-TOMAS model than the GISS-E2 model, 
although with less resolution of aerosol types/states. The sulfur 
chemistry and secondary sulfate aerosol production is described 
by Feichter et al. (1996), which includes oxidation of SO

2 by OH 
and DMS oxidation by OH and NO3. The emissions from vegeta-
tion of CO and VOCs (e.g. isoprene and terpenes) are calculated 
interactively using the Model of Emissions of Gases and Aerosols 
from Nature (MEGAN) (Guenther et al., 2006). 

The biogenic monoterpene emissions of Guenther et al. 
(1995) are scaled by the factor 0.15 to estimate the production of 
Secondary Organic Aerosol (SOA) from biogenic sources following 
Pozzoli et al. (2008). SOA is then injected in the atmosphere as 
primary organic aerosol. The ECHAM5-HAMMOZ model has been 
extensively evaluated in previous studies (Pozzoli et al., 2008 a, b; 
Pozzoli et al 2011; Stier et al. 2005; and Pausata et. al 2012) with 
comparisons to several measurements and to other model results. 
The simulated global annual average total aerosol optical depth 
(AOD) is slightly higher than the range of model/measurement 
values reported from Kinne et al. (2006). A good agreement is gen-
erally found for PM2.5 concentrations measured at rural and urban 
stations. About 65 percent of the simulated PM2.5, downscaled with 
urban population, is in range of ± 25 percent with the measured 
urban background values in Europe (Pausata et al., 2013).

The tropospheric O3 budget and variability agree well with 
earlier multi-model comparison studies by Stevenson et al. (2006) 
and Hess and Mahowald (2009), while O3 surface concentrations 
are generally overestimated compared to ground based measure-
ments. In this study, a T42 resolution was used, corresponding to 
an Eulerian resolution of ca. 2.8ºx2.8º, with 31 vertical levels from 
the surface up to 10 hPa and a time resolution for dynamics and a 
chemistry of 20 minutes. The transport scheme is from Lin and Rood 
(1996). In this project the large-scale meteorology is constrained to 
the year 2000, nudging the temperature, surface pressure, vorticity 
and divergence to the ECMWF (European Centre for Medium-range 
Weather Forecast) ERA40 reanalysis data. The radiative transfer 
calculation considers vertical profiles of the greenhouse gases (e.g., 
CO

2, O3, CH4), aerosols, and the cloud water and ice. The instanta-
neous direct aerosol radiative forcing (RF) in ECHAM5-HAMMOZ 
is diagnostically calculated from the difference in the net radiative 

fluxes including and excluding aerosol (Stier et al., 2007). Direct O3 
RF is diagnosed using ECHAM5-HAMMOZ O3 columns, in combina-
tion with all-sky radiative forcing efficiencies (Gauss et al., 2006).

Simulations were also performed with the HadGEM3 model 
(Hadley Centre Global Environment Model version 3). The configu-
ration used here is “atmosphere-only,” using prescribed sea surface 
temperatures and sea ice distributions (Hewitt et al. 2011). The 
resolution is N90L63; 1.875°×1.25° horizontal resolution and 63 
levels extending to ~40km height (of which 50 are below 18 km).

The gas-phase chemistry used is the UKCA TropIsop scheme 
treats 55 chemical species (37 of which are transported), includ-
ing hydrocarbons up to propane, and isoprene and its degradation 
products (O’Connor et al. 2013). Atmospheric tracers (gas and 
aerosol) are advected using the same semi-Lagrangian advection 
scheme used for the physical climate variables. Parameterized 
transport (e.g., boundary layer and convection) is also as used 
for the physical climate variables. 

The aerosol scheme used is UKCA-Mode (Mann et al. 2010; 
Abdul-Razzak and Ghan 2000). This models sulphate, organic 
carbon, black carbon, dust, and sea salt in an internally-mixed 
manner using a two-moment modal approach and dynamically 
evolving particle size distributions. Seven modes are used, four 
soluble (nucleation to coarse) and three insoluble (Aitken to 
coarse). Aerosol processes are simulated in a size-resolved man-
ner, including primary emissions, secondary particle formation by 
binary homogeneous nucleation of sulfuric acid and water, particle 
growth by coagulation, condensation, and cloud-processing, and 
removal by dry deposition, in-cloud and below-cloud scavenging.

The radiative forcing from aerosols are calculated using the 
Edwards-Slingo radiation scheme. For the aerosol direct effect, the 
information on mean particle radius and composition for each of 
the internally-mixed size modes is used. A volume-average mix-
ing rule is used over the components present (including water) 
to calculate the real and imaginary parts of the refractive index. 
The particle size determines the Mie parameter in relation to the 
wavelength. The look-up tables have been calculated based on 
the integrals across each of the spectral bands for the short-wave 
and long-wave used by HadGEM3. For the first indirect effect, the 
parameterization of Abdul-Razzak and Ghan (2000) is employed 
to calculate cloud droplet number concentration combining the 
online size distribution and composition information from UKCA-
mode, with a cloud updraft velocity derived from the turbulent 
kinetic energy in the boundary layer. 

The simulations performed by each model are summarized in 
Table A4. Each simulation refers to one of the BC-related measure 
listed in Table A3. Two additional scenarios were performed for 
solid biomass and coal heating stoves, including a monthly sea-
sonal variation for heating stoves emissions (C2 and D2), versus 
the constant annual distribution (C1 and D1).
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Methodology for Forcing Estimates

Emissions were used in the full three-dimensional climate models to 
determine the changes in atmospheric composition and the radiative 
forcing in response to each individual control measure. The study 
makes use of the radiative forcing calculated by the four models 
used here, but also examines results scaled according to the best 
estimates determined from two different literature assessments. In 
this way, results are unlikely to be sensitive to potential systematic 
biases in the models (e.g., the direct forcing from BC being on 
the low end of the range). The scaling furthermore provides an 
uncertainty range that is more representative of the current state 
of knowledge than would be results from the use of only a few 
models. This scaling is only applicable to the GISS-E2 model as 
the GISS-E2-TOMAS, ECHAM, and HadGEM3 models have more 
complex, mixed aerosols that, while more realistic, cannot read-
ily be scaled based on the literature values for particular aerosol 
components derived from observations and modeling. The study 
includes two sets of estimates of aerosol indirect effects (AIE) 
based on the range of values given in the literature; the analysis 
following the literature assessment of UNEP/WMO (2011) and 
Shindell et at. (2012) (hereafter UNEP-based) and analysis following 
the assessment of Bond et al. (2013) (hereafter Bond-based). The 
study also includes the AIE calculated internally in the two GISS 
models and the HadGEM3 model. All values are instantaneous 
forcings at the top of the atmosphere.

Ozone forcing and direct forcings for aerosols were first calcu-
lated internally within the climate models. The models produced 

fairly similar values (within ~15 mW m-2) for the total aerosol plus 
ozone direct forcing in the diesel, heating stove, and gas flaring 
cases (Figure A1). Differences are larger for the cookstove cases and 
50-percent biomass burning case, unsurprisingly as these are the net 
forcing due to large offsetting positive and negative components. 

To account for systematic biases in the models and to make 
use of the knowledge embodied in assessments of the literature, 
the study then adjusts the direct forcing from the GISS model to 
account for biases relative to observations and to incorporate 
missing processes or ground processes that are not robust in a 
single model (aerosol indirect effects) in the literature estimates. 
As discussed in depth in UNEP/WMO (2011) and Bond et al. 
(2013), there is a wide range of results in the literature for both 
the direct forcing by BC and for the many indirect effects of BC. 
The best estimate and 90-percent confidence intervals obtained 
in the two large recent assessments are shown in Table A5. The 
study calibrates the GISS forcing values using the ratio of that 
model’s total anthropogenic forcing (pre-industrial to present-day) 
compared with that from the assessments. In other words, the 
model results yield the fraction of anthropogenic aerosol removed 
by a particular measure, with the magnitude of the resulting forcing 
based exclusively on the literature estimates of the anthropogenic 
forcing. Hence as the GISS model’s anthropogenic BC direct forcing 
is 0.32 W m-2, BC direct forcings due to the measures examined 
here are multiplied by 0.45/0.32 for the UNEP-based results and 
by 0.71/0.32 for the Bond-based results. Thus the calibration to 
literature assessment values adjusts for model biases, in this case 
the aforementioned substantial underestimate of AAOD. Forcing 
due to carbonaceous aerosols from biomass burning was diagnosed 

Table A 4: Simulations Performed by the Composition-Climate Models

Run Description GISS ECHAM TOMAS HadGEM3
A 2030 reference simulation • • • •

B1 Cookstoves (Fan-assisted biofuel—global replacement) • •

B2 Cookstoves (50%LPG-50%biogas—global replacement) • • • •

C1 Heating Stoves (Pellet biofuel)—annual, no seasonality • •

C2 Heating Stoves (Pellet biofuel)—WITH seasonality (monthly) • •

D1 Heating Stoves (Coal to briquette)—annual, no seasonality • • •

D2 Heating Stoves (Coal to briquette)—WITH seasonality (monthly) • •

E On-road Diesel (EURO-6/VI) • • • •

F Off-road Mobile Diesel (EURO-6/VI) • •

G2 Oil&Gas flaring 90% reduction • •

H1 Eurasian Fires *0.081 (EU) • •

H2 Global Fires—50% reduction in all open burning • •

I Brick Kilns—industry best practice •

J All methane measures combined • •
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separately from BC and OC forcing attributable to emissions from 
fossil and biofuel combustion. Under the assumption that forc-
ing from the BC and OC components that make up the biomass 
burning forcing were similarly underestimated, the net biomass 
burning carbonaceous aerosol forcing was scaled by the average 
of the BC and OC direct scalings. Uncertainties for all resulting 
forcing values include the contribution from the literature range 
(Table A5) as well as the uncertainty in the forcing value diagnosed 
in the GISS model due to inter-annual variability.

As AIE have very high uncertainties (e.g. , Penner et al. 2006) 
and are difficult to diagnose in climate models, the study avoids 
relying exclusively on results from the two GISS models and 
HadGEM3 (ECHAM did not diagnose AIE). The study obtains 
UNEP-based and Bond-based estimates of aerosol indirect effects 
using the assessed values and ranges from those two studies and 
the relationship between direct and indirect forcing attributable 
to particular aerosol species (Table A5). The UNEP-based analysis 
assumes that AIE for scattering aerosols are equal to the direct 
effect from sulfate aerosols. While there are many studies showing 
substantial AIE for sulfate aerosols (as many early simulations 
included only sulfate aerosols), there was an absence of studies 
quantifying the AIE due to OC or nitrate at the time of that assess-
ment, and hence the full scattering aerosol AIE was assigned to 
sulfate. Dominance of sulfate in AIE is consistent with its greater 
solubility and mass relative to carbonaceous or nitrate aerosols. 
Calculations based on detailed modeling and observations suggest 
that the ratio of AIE to direct sulfate RF is 1.5 to 2.0 (Kvalevag 
and Mhyre 2007), but a lower value of 1.0 was used as recent 
analyses based on satellite data suggest that at least a portion of 
the AIE may in fact be fairly weak (Quaas et al, 2008), and that 

adjustments to cloud liquid water path may offset changes in 
particle size (Christensen and Stephens, 2011); in addition, models 
that now include aerosol effects on mixed-phase clouds tend to 
show smaller indirect forcings than earlier models (Isaksen et al. 
2009). Use of the higher 1.5 or 2.0 ratios would have minimal 
influence on our calculations of the forcing due to the measures 
investigated here, as these have little effect on sulfate. The study 
includes an uncertainty of 66 percent on the reflective aerosols 
nitrate and sulfate, for the latter both on the direct and indirect 
effects (for nitrate assuming their impact is only direct effects), 
based on a recent assessment (Isaksen et al. 2009).

For the Bond-based analysis, indirect effects are quite differ-
ent, with a larger effect attributed to OC than SO4 and the effects 
of both these components each being larger than the total in the 
UNEP-based method (Table A5). In addition, there is a positive 
net indirect effect attributed to BC. Apportionment to particular 
species was based on aerosol mass in that assessment, and did 
not account for differences in solubility. Recent studies have 
isolated the AIE attributable to other scattering aerosol species, 
but these present equivocal results with some showing the 
most of the AIE comes from sulfate while others have a broader 
distribution across aerosol types (Shindell et al. 2013b). Thus it 
remains unclear which of the two methods yields more realistic 
results; hence we believe it is useful to provide estimates based 
on both methods.

The study assumes that aerosol forcings are not independent 
given constraints on their total, and hence these have been summed 
based on their absolute value to obtain upper and lower bounds. 
The total aerosol forcing and all other forcing uncertainties are 
assumed to be independent. 

Large uncertainties remain in evaluating regional radiative forc-
ing, especially for aerosol indirect effects. Comparing the values 
calculated by multiple models (Figure A7 below) shows that the 
forcing due to ozone and direct aerosol effects tends to be fairly 
consistent across the four models examined here. However, the 
indirect aerosol forcing varies markedly, both in magnitude and 
even in sign (Figure A7). Hence it can be difficult to determine the 
overall effect on climate of emissions reductions in non-cryosphere 
regions. These results underscore the need for more regionally 
based modeling, and perhaps more observational work estimating 
how much black carbon is on the surface and in the air in these 
smaller regions, which still might show quite a bit of impact from 
local sources. Figures A2-A6 show different regional results for 
the three sets of assumptions in the context of total forcing, fol-
lowed by Figure A7 that breaks out results from the four models 
used by their different assigned forcings for direct, indirect, and 
the total, for three of the measures.

Figures A2–A6 respectively correspond to average total forc-
ing change for the Himalayas, Arctic, East Africa, Andes, and 
Antarctica as shown in Figure 3 in the main text.

Table A 5: UNEP-based and Bond-based Values for 
Anthropogenic Forcing used as Calibration

Forcing Agent UNEP-based Bond-based
Ozone .35 (.25 to .45) .35 (.25 to .45)
BC direct .45 (.30 to .60) .71 (.08 to 1.34)
BC semi-direct 
+indirect

.00 (–.40 to .40) .23 (–.47 to .93) 
[defined as (.23/.71)*BC; ±300%]

BC albedo .15 (.05 to .25) .11 (.03 to .19)
OC direct –.20 (–.09 to –.31) –.36 (–.09 to –.63)
SO4 direct –.29 (–.10 to –.48) –.35 (–.16 to –.54)
NO3 direct –.10 (–.03 to –.17) –.10 (–.03 to –.17)
SOA direct –.03 (–.01 to –.05) –.03 (–.01 to –.05)
non-BC indirect 1*SO4 (±66%) (–.51/–.35)*SO4 + (–.74/–.36)*OC 

(±53% SO4; ±59% OC)

Note: Sulfate in the UNEP-based method, and nitrate and SOA in both methods, 
are values in the GISS model as these were very similar to literature estimates, 
with uncertainty ranges from the literature. Values for BC albedo forcing 
including adjustment for the enhanced efficacy of this process. 
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Figure A2–A4: Calculated Estimates of Total Regional Forcing Change from Implementation of Eight Potential BC Measures using 
Three Different Assumptions for the Magnitude and Uncertainty Associated with the Aerosol Indirect Effect.
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Health and Crop Impact Analysis

FASST

The study estimates effects of changes in surface pollution using 
several methods. In the first, the Fast Scenario Screening Tool (FASST) 
developed at the European Commission’s Joint Research Centre is 
used to derive estimates of the response to emissions changes and 
their impacts on health and agriculture. The atmospheric compo-
sition response is based upon a simplified representation of the 
response to individual emissions changes at any given location in 
the chemistry-transport model TM5. TM5-FASST is implemented 
as a reduced-form “Source-Receptor Model”: the relation between 
the emissions of compound i from source region x and resulting 
pollutant j concentration at receptor region y is expressed by a 
simple functional relation which mimics the underlying meteoro-
logical and chemical processes. A more detailed description of the 

TM5-FASST tools, methods, and validation is given in UNEP (2011). 
The concentrations are then used as follows.

For human health, the concentration change in PM2.5 or 
ozone is multiplied by a concentration-response function (CRF) 
representing the relationship between ambient concentration and 
a health outcome. Health impact functions for both O3 and PM2.5 
are based on a log-linear relationship between relative risk (RR) 
and concentrations defined by epidemiology studies (e.g., Jerrett 
et al. 2009; Krewski et al. 2009). 

RR = expβΔX

where β is the concentration–response factor (i.e., the estimated 
slope of the log-linear relation between concentration and mortal-
ity) and ΔX is the change in concentration. 

Changes in annual deaths due to changes in outdoor air 
pollution (PM2.5 and ozone) are then obtained from the exposed 

Figure A5–A6: Calculated Estimates of Total Regional Forcing Change from Implementation of Eight Potential BC Measures using 
Three Different Assumptions for the Magnitude and Uncertainty Associated with the Aerosol Indirect Effect.
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population (Pop), cause-specific baseline mortality rates (Y0), the 
concentration-response factor (β) defined by the epidemiology 
literature, and the change in PM2.5 or ozone (∆X) according to the 
following function (Anenberg et al. 2010): 

Δ Deaths = Pop * Y0 * (1-exp-β∆X)

For PM2.5, the study used RRs from Krewski et al. (2009). A 10 μg/
m3 decrease in PM2.5 was associated with 13 percent and 14 percent 

Figure A7: Comparison of the Ozone plus Aerosol Direct (blue), Aerosol Indirect (brown) and Total (black) Forcing in Response to 
the Indicated Measures as Calculated by Different Models. The first set of bars is GISS-E2; the second set is GISS-E2-TOMAS; 
the third set is HadGEM3; the fourth set is ECHAM (which only calculated direct forcing). 

Note that these exclude methane forcing, and do not include any adjustments to model values based on literature assessments or an enhanced efficacy for the effect 
of black carbon albedo forcing; they thus are not directly comparable with other results shown in this report.
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decreases in cardiopulmonary and lung cancer mortality respec-
tively. For ozone, the study based our health impact evaluation on 
the association between long-term O3 exposure and RR of death 
from respiratory disease found by (Jerrett et al. 2009), with RR = 
4% increase in RR of death from respiratory disease for a 10bbpV 
increase in the maximum 6 monthly average daily 1-hr maximum O3.

The impact on agricultural yields is evaluated using the 
methodology of Van Dingenen et al. (2009), where the O3 

concentration fields are now obtained with the TM5-FASST 
source-receptor model. The study overlays the ozone concentra-
tion change with crop distribution maps and applies exposure-
response functions derived from experiments that examine the 
yield reduction associated with different ozone concentrations. 
As in the UNEP/WMO Integrated Assessment, the relationship 
is based on the daylight ozone concentrations averaged over the 
growing-season, for four staple crops: wheat, rice, maize, and 
soybean. Relative yield losses (RYL) and crop production losses 
(CPL) are calculated from the crop production (CP) in a given 
historical year according to:

CPL = RYL/(1-RYL)*CP

BenMAP

Health impacts were also calculated using the U. S. EPA’s Envi-
ronmental Benefits Mapping and Analysis Program (BenMAP). 
BenMAP is a Windows-based computer program that uses a 
Geographic Information System to estimate the health impacts 
and economic benefits occurring when populations experience 
changes in air quality.2 BenMAP provided estimates of avoided 
premature mortality associated with changes in ambient PM2.5 

predicted by the different BC emissions scenarios, as well as 
all methane measures combined. The section below describes 
the data and health impact function used to generate these 
estimates, and presents both global and country-level results for 
each scenario. This methodology is similar to that employed in 
Anenberg et al. (2012).

Concentration-Response Function
To estimate PM2.5-related premature mortality, the study applies 
a concentration-response relationship from the Krewski et al. 
(2009) extended analysis of the American Cancer Society cohort. 
The study applies the risk coefficient generated using the random 
effects Cox model that controls for 44 individual and seven ecologi-
cal covariates, based on average exposure levels for 1999–2000 
among 116 U.S. cities (RR=1.06, 95-percent confidence intervals 
1.04–1.08 per 10 µg/m3). To the extent that countries display 
concentration-response patterns that differ from the U.S., the 
estimates of avoided premature mortality may be overestimates 
or underestimates. 

Population
Population projections for 2030 were generated using the Gridded 
Population of the World (GPW) data created by CIESIN (2005) and 
population projections created by the United Nations Popula-
tion Division (2013). There are some discrepancies between the 
countries in the GPW data and the countries included in the UN 
projections. This is due both to geopolitical changes as well as 
differing treatment of small islands. A slightly modified version of 
the GPW country boundaries is used to assign each 2.5 arc-minute 
grid cell in the 2010 GPW projected population dataset to a specific 
country.3 The 2010 GPW country-level total population was then 
adjusted to match UN country-level total population. Where pos-
sible a country-specific growth rate between 2010–2030 is applied 
to create the 2030 projection of total population. The UN does 
not calculate individual population projections for all countries, 
however, and in some cases regional growth rates were applied. 
Since Krewski et al. (2009) estimate mortality for adults over the 
age of 30, the UN data are used to estimate the percentage of total 
population over the age of 30 in each country. This ratio is applied 
to each grid cell within a country, essentially assuming that the age 
structure within each grid cell matches the country-level average. 
Finally, the 2030 projected population data are aggregated to 1° 
grid cells to match the resolution of the air quality data.

Baseline Incidence Rates
Country-specific all-cause mortality rates for ages 30+ were gen-
erated from the 2010 Global Burden of Disease (GBD) mortality 
results provided by the Institute for Health Metrics and Evaluation 
(IHME) (Lim et al 2012). Individual results are not available for all 
countries so, in some instances, regional rates were extrapolated 
based on U.S. data. When needed, countries were matched to 
regions using the crosswalk provided by IHME4 or by using the 
same crosswalk used to match the GPW countries to UN regions. 

Forestry

An assessment of O3 exposure to forests was made using concen-
tration-based risk assessment methods proposed by the UNECE 
Convention on Long Range Transboundary Air Pollution (LRTAP 
Convention, 2010). This concentration-based method characterizes 
O3 concentrations using an AOT40 O3 metric (where AOT40 stands 
for Accumulated O3 Over a Threshold of 40 ppb; this metric is 
accumulated during the daylight period and for forests, over a 6 
month growing season). The metric is used to define exposure-
response relationships using data from fumigation experiments 
performed on birch (Betula pendula) and beech (Fagus sylvatica) 
in open-top chamber studies across Europe (Sweden, Finland, 
and Switzerland). Linear regression analyses are performed on 
these data to derive the relationship between AOT40 and the 
percent reduction in whole tree biomass (Karlsson et al., 2007). 
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The resulting linear regression relationship is used to establish 
a ‘critical level’ (CL), defined for this receptor and pollutant as 
“the atmospheric concentration of O3 above which adverse effects 
on forest trees may occur according to present knowledge.” The 
resulting AOT40 critical level for forest trees is 5 ppm which is 
statistically significant at the 99-percent confidence interval and 
would be expected to causing a 5-percent reduction in whole tree 
biomass (LRTAP Convention 2010). 

This CL is used to assess the effect of the different emis-
sions reduction scenarios on the risk of O3 damage to forest 
trees across the temperate and boreal regions of the Northern 
Hemisphere. In order to achieve this, AOT40 was calculated 
as the maximum six monthly AOT40 value; this captures the 
highest AOT40 values and can be argued to present a worst-case 
scenario since in some instances the actual growing season may 
sit outside this peak six-month period. The exceedance of the 
CL was then estimated to give an indication of the risk of forest 
damage; higher exceedances obviously suggesting a higher risk 
of damage to forest trees. The differences in CL exceedance are 
then estimated for each of the emission reduction measures in 
relation to the respective 2030 Reference scenario. The CL was 
used to indicate the degree of risk of damage to forest trees 
resulting from O

3 exposure. The concentration-response rela-
tionship from which the forest tree CL was derived is shown in 
the below figure.

The relationship was analysed by linear regression with 99% 
confidence intervals. Explanations for the figure legends can be 
found in Karlsson et al. (2003).

National Cookstoves Health Estimates 

Application of the Household Air Pollution Intervention 
Tool (HAPIT) to Cookstove Interventions for Nepal and 
Peru
(Household Energy, Climate, and Health Research Group, UC 
Berkeley (Pokhrel, Pillarisetti, and Smith 2013). )

In order to better understand the potential premature loss of 
life and other illness averted by cookstove interventions, new tools 
are needed that can utilize available information on household 
exposure and program efficacy to quickly estimate public health 
benefits. UC Berkeley is piloting two such tools specific to Nepal 
and Peru. They are tailored both to national average conditions 
and those in the major sub-regions of each country. They rely on 
the methods and databases developed as part of the Comparative 
Risk Assessment (CRA) of household air pollution, a component 
of the Global Burden of Disease project (GBD 2010). It includes 
exposure-response information for each of the major disease 
categories that have been accepted as being due to household air 
pollution as well as background health, demographic, energy, and 
economic conditions in Nepal and Peru. A user’s manual describes 
key inputs and outputs for the tool and some assumptions that 
have been utilized for purposes of health impact estimation. 

In order to better understand the potential household-related 
illness associated with measures being examined in this report, 
two measures that address cookstoves have been assessed 
using these new tools. The two measures assume that between 
2010–2030, a universal replacement of all traditional cookstoves 
can be achieved globally with either (1) fan-assisted biomass 
cookstoves, or (2) a 50/50 mix of modern cooking fuels includ-
ing LPG and biogas. In the report, implementation benefits of 
all SLCP measures have been assessed for 2050; however, given 
the nature of the new tools being piloted, we have assumed that 
the full 2030 emissions reduction benefits have been achieved 
in both countries over a three-year period, with health benefits 
assessed assuming the 2010 baseline health statistics and popu-
lation data. The benefits were assessed for a five-year period 
allowing for approximately 80 percent of all health benefits to 
be captured, including those with a time lag. The 2050 benefits 
would be larger, given expected population growth, if disease 
burdens do not change significantly.

The final table provides a summary of the health benefits 
results assuming a range of post-intervention ambient concentra-
tions attained based on the likely efficacy of each intervention.
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Endnotes
1	 http://www.globalfiredata.org/Data/index.html,
2	 Environmental Benefits Mapping and Analysis Program (BenMAP). Information is available online at: http://www.epa.gov/air/benmap
3	 Modifications include merging Norfolk Island with Australia, merging Svalbard with Norway, and combining Guernsey and Jersey into the Channel Islands. This was 
done to match UN definitions of the areas.
4	 http://www.healthmetricsandevaluation.org/sites/default/files/publication_summary/.
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