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Take a deep breath. Even if the air looks clear, it's nearly certain that you'll inhale tens of
millions of solid particles and liquid droplets. These ubiquitous specks of matter are known as
aerosols, and they can be found in the air over oceans, deserts, mountains, forests, ice, and
every ecosystem in between. They drift in Earth’s atmosphere from the stratosphere to the
surface and range in size from a few nanometers—Iless than the width of the smallest viruses—
to several several tens of micrometers—about the diameter of human hair. Despite their small
size, they have major impacts on our climate and our health.
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Aerosols—tiny, airborne solid & liquid particles—are present throughout the atmosphere and largely
responsible for hazy skies, as in this photograph of Shenzen, China. (Photograph ©2010 pseudo-
san.)

Different specialists describe the particles based on shape, size, and chemical composition.
Toxicologists refer to aerosols as ultrafine, fine, or coarse matter. Regulatory agencies, as well
as meteorologists, typically call them particulate matter—PM> 5 or PM1o, depending on their
size. In some fields of engineering, they’re called nanoparticles. The media often uses everyday
terms that hint at aerosol sources, such as smoke, ash, and soot.

Climatologists typically use another set of labels that speak to the chemical composition. Key
aerosol groups include sulfates, organic carbon, black carbon, nitrates, mineral dust, and sea
salt. In practice, many of these terms are imperfect, as aerosols often clump together to form
complex mixtures. It's common, for example, for particles of black carbon from soot or smoke to
mix with nitrates and sulfates, or to coat the surfaces of dust, creating hybrid particles.
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Sea salt, dust, and volcanic ash are three common types of aerosols. (Photograph by Katherine
Mann.)

The bulk of aerosols—about 90 percent by mass—have natural origins. Volcanoes, for
example, eject huge columns of ash into the air, as well as sulfur dioxide and other gases,
yielding sulfates. Forest fires send partially burned organic carbon aloft. Certain plants produce
gases that react with other substances in the air to yield aerosols, such as the “smoke” in the
Great Smoky Mountains of the United States. Likewise in the ocean, some types of microalgae
produce a sulfurous gas called dimethylsulfide that can be converted into sulfates in the
atmosphere.

Sea salt and dust are two of the most abundant aerosols, as sandstorms whip small pieces of
mineral dust from deserts into the atmosphere and wind-driven spray from ocean waves flings
sea salt aloft. Both tend to be larger particles than their human-made counterparts.

shapes. From left to right: volcanic ash, pollen, sea salt, and soot. [Micrographs courtesy USGS,
UMBC (Chere Petty), and Arizona State University (Peter Buseck).]
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The remaining 10 percent of aerosols are considered anthropogenic, or human-made, and they
come from a variety of sources. Though less abundant than natural forms, anthropogenic
aerosols can dominate the air downwind of urban and industrial areas.

Fossil fuel combustion produces large amounts of sulfur dioxide, which reacts with water vapor
and other gases in the atmosphere to create sulfate aerosols. Biomass burning, a common
method of clearing land and consuming farm waste, yields smoke that's comprised mainly of
organic carbon and black carbon.

Desert dust, volatile organic compounds from vegetation, smoke from forest fires, and volcanic ash
are natural sources of aerosols. (Photographs copyright (left to right) Western Sahara Project,
Jonathan Jessup, Vox, and Ludie Cochrane.)

Automobiles, incinerators, smelters, and power plants are prolific producers of sulfates, nitrates,
black carbon, and other particles. Deforestation, overgrazing, drought, and excessive irrigation
can alter the land surface, increasing the rate at which dust aerosols enter the atmosphere.
Even indoors, cigarettes, cooking stoves, fireplaces, and candles are sources of aerosols.

Patterns

When viewed from space, a number of patterns emerge from Earth’s aerosols—some driven by
nature and others by man.

Nature generates broad swaths of particles—detectable by satellites—over both water and
land. The strong winds of the “roaring forties” latitudes, for example, create a heavy band of
airborne salt north of Antarctica. A thinner and more evenly dispersed veil of aerosols—
primarily salt from whitecaps and sulfates from microalgae—usually covers most of the world’s
oceans. Over land, massive plumes of dust blow above deserts.
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This map shows the global distribution of aerosols and the proportion of those aerosols that are large
or small. Intense colors indicate a thick layer of aerosols. Yellow areas are predominantly coarse
particles, like dust, and red areas are mainly fine aerosols, like smoke or pollution. Gray indicates
areas with no data. (NASA map by Robert Simmon, based on MODIS data from NASA Earth
Observations.)

Meanwhile, the eastern portion of the United States and urban areas in Europe are hotspots for
the production of human-made aerosols. Plumes of industrial aerosols — typically sulfates from
coal power plants and black and organic carbon from vehicle traffic — rise from cities such as
New York, Pittsburgh, London, and Berlin.

The western portion of the United States is comparatively clear, though some areas experience
aerosol loads that rival the worst conditions in the East. Industrial aerosols, dust, and wildfire
smoke frequently pollute the air in the Los Angeles Basin. Agriculture can produce heavy loads
of soil dust, especially in California’s San Joaquin and Imperial valleys, and the largest localized
source of dust in the western U.S. is Owens Dry Lake, a river bed that was drained to provide
water for LA. Likewise, the port of Houston has some of the most aerosol-laden air in the world.
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Beijing was completely obscured by air pollution on October 9, 2010. This natural-color image was

acquired by MODIS aboard the Aqua satellite. (NASA image by Jeff Schmaltz, MODIS Rapid
Response.)

However, the most aerosol-laden air in the United States today pales in comparison to Asia.
Satellites can detect a visible pall of aerosol clouds over Bangladesh, northern India, and
northern Pakistan—an area called the Indo-Gangetic plain, especially during the pre-Monsoon
season. The aerosol layer is comprised of complex mixtures of dust blowing from the Thar
Desert and pollution from the densely populated plain. In eastern China, fast-growing cities
such as Beijing also produce heavy blankets of aerosol.

Depending on the season and weather conditions, surges of aerosols can make their way into
the atmosphere almost anywhere on Earth. In the Northern Hemisphere, plumes of mineral dust
swirl over deserts and arid regions. In the Southern Hemisphere, slash-and-burn agriculture in
the Amazon and Central Africa releases large amounts of smoke and soot. Fires, some sparked
by lightning and some by human activity, leave large patches of forest ablaze during summers
in Canada, Russia, and the United States.
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Dust storms (top) and wildfires (bottom) are significant, if transient, sources of aerosols. (NASA
images by Jeff Schmaltz, MODIS Rapid Response.)

Although most aerosols remain suspended in the atmosphere for short periods—typically
between four days and a week—they can travel vast distances. Particles moving with the
atmosphere at 5 meters (16.4 feet) per second will travel thousands of kilometers in a week.
Dust plumes from the Sahara frequently cross the Atlantic and reach the Caribbean. Winds
sweep a mixture of Asian aerosols—particularly dust from the Gobi desert and pollution from
China—east over Japan and toward the central Pacific Ocean. Smoke from wildfires in Siberia
and Canada can find its way to the Arctic ice cap.
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Dust from North Africa spreads over the Atlantic Ocean on July 1, 2009 (from 00:00 to 18:00
Universal Time) in this series of images derived from a computer model of aerosol movement. Click
for animation. (NASA maps by Pete Colarco and Robert Simmon, based on GEOS-5 model data.)

Over time, aerosol emissions have changed significantly. In Asia, anthropogenic emissions
have increased in recent decades as urbanization and industrialization has proceeded at a
breakneck pace. By contrast, aerosols have declined in North America and Europe as factories
have moved to developing countries and Western nations have adopted more stringent clean
air regulations.

Aerosols and Incoming Sunlight (Direct Effects)

The Sun provides the energy that drives Earth’s climate, but not all of the energy that reaches
the top of the atmosphere finds its way to the surface. That's because aerosols—and clouds
seeded by them—reflect about a quarter of the Sun’s energy back to space.
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cool the Earth by reflecting sunlight back to space. (NASA astronaut photograph 1SS024-E-15122.)

Different aerosols scatter or absorb sunlight to varying degrees, depending on their physical
properties. Climatologists describe these scattering and absorbing properties as the “direct
effect” of aerosols on Earth’s radiation field. However, since aerosols comprise such a broad
collection of particles with different properties, the overall effect is anything but simple.

Although most aerosols reflect sunlight, some also absorb it. An aerosol’s effect on light
depends primarily on the composition and color of the particles. Broadly speaking, bright-
colored or translucent particles tend to reflect radiation in all directions and back towards space.
Darker aerosols can absorb significant amounts of light.

Pure sulfates and nitrates reflect nearly all radiation they encounter, cooling the atmosphere.
Black carbon, in contrast, absorbs radiation readily, warming the atmosphere but also shading
the surface. Organic carbon, sometimes called brown carbon or organic matter, has a warming
influence on the atmosphere depending on the brightness of the underlying ground. Dust
impacts radiation to varying degrees, depending on the composition of the minerals that
comprise the dust grains, and whether they are coated with black or brown carbon. Salt
particles tend to reflect all the sunlight they encounter.
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Black carbon aerosols, similar to the
soot in a chimney, absorb sunlight
rather than reflecting it. This warms
the layer of the atmosphere carrying
the black carbon, but also shades and
cools the surface below. (Maps
adapted from Chung, 2005.)

Aerosols can have a major impact on climate when they scatter light. In 1991, the eruption of
Mount Pinatubo in the Philippines ejected more than 20 million tons of sulfur dioxide—a gas
that reacts with other substances to produce sulfate aerosol—as high as 60 kilometers (37
miles) above the surface, creating particles in the stratosphere. Those bright particles remained
above the clouds and didn’t get washed from the sky by rain; they settled only after several
years.

Climatologists predicted global temperatures would drop as a result of that global sulfate
infusion. They were right: Following the eruption, global temperatures abruptly dipped by about
a half-degree (0.6°C) for about two years. And Pinatubo isn’t a unique event. Large,
temperature-altering eruptions occur about once per decade.
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Large volcanic eruptions may lift sulfate aerosols into the stratosphere, which usually cools the global

climate for the following year or two. (Graph by Robert Simmon, based on aerosol data from GISS
and temperature data from the UAE CRU.)

In addition to scattering or absorbing radiation, aerosols can alter the reflectivity, or albedo, of
the planet. Bright surfaces reflect radiation and cool the climate, whereas darker surfaces
absorb radiation and produce a warming effect. White sheets of sea ice, for example, reflect a
great deal of radiation, whereas darker surfaces, such as the ocean, tend to absorb solar
radiation and have a net warming effect.

Aerosols, particularly black carbon, can alter reflectivity by depositing a layer of dark residue on

ice and other bright surfaces. In the Arctic especially, aerosols from wildfires and industrial
pollution are likely hastening the melting of ice.

———
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Dark aerosols dramatically change the reflectivity of the Earth’s surface when they land on snow.
Black ash covered the summit of New Zealand’s Mount Ruapehu after an eruption in 2007, but was
soon covered by fresh snow. Long-term accumulation of black carbon aerosols in the Arctic and
Himalaya is leading to increased melting of snow. (Photograph ©2007, New Zealand GeoNet.)

Scientists believe the cooling from sulfates and other reflective aerosols overwhelms the
warming effect of black carbon and other absorbing aerosols over the planet. Models estimate
that aerosols have had a cooling effect that has counteracted about half of the warming caused
by the build-up of greenhouse gases since the 1880s. However, unlike many greenhouse
gases, aerosols are not distributed evenly around the planet, so their impacts are most strongly
felt on a regional scale.

Despite considerable advances in recent decades, estimating the direct climate impacts of
aerosols remains an immature science. Of the 25 climate models considered by the Fourth
Intergovernmental Panel on Climate Change (IPCC), only a handful considered the direct
effects of aerosol types other than sulfates.

Aerosols and Clouds (Indirect Effects)

Whereas aerosols can influence climate by scattering light and changing Earth’s reflectivity,
they can also alter the climate via clouds. On a global scale, these aerosol “indirect effects”
typically work in opposition to greenhouse gases and cause cooling. While greenhouse gases
disperse widely and have a fairly consistent impact from region to region, aerosol effects are
less consistent, partly because of how the particles affect clouds.

Most elementary school students learn that clouds form when enough water vapor condenses.
That's true, but aerosols play a critical role in the process. In fact, most clouds owe their
existence to aerosols that serve as the tiny “seeds,” called cloud condensation nuclei.

Natural aerosols—often sulfates, sea salt or ammonium salts—are the most common
condensation nuclei in pristine environments. Polluted air, in contrast, usually contains much
higher concentrations of water-soluble particles, which means pollution-rich clouds tend to have
more numerous, but smaller, droplets. The small droplets make polluted clouds look brighter
than they would otherwise be. Just as many bits of crushed ice give light more surfaces to
reflect off—appearing brighter than a solid cube of ice—if the water in a cloud is divided into a
larger number of smaller droplets, it will scatter more light and become more reflective.
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