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Salzburg 26th Dec. – 15th Jan. 2008

Today’s Menu:

• Climate: Basic Principles & INDOEX;

• Aerosols: Definition, Properties and Characteristics; 

• Effects: on Climate and Human Health;
(is the 2°C limit in T-rise really achievable?)

• Conclusion: take home message

BeiJing 6th – 10th Aug. 2007

Menu (1/1)

Climate Aerosol EffectsIntro Conclusion

Scientists now contemplate whether the cooling effect of aerosols may explain why a buildup of 
greenhouse gases in the atmosphere has not caused the planet to warm as much as predicted 
by climate models.

Ramanathan: Until about five years ago, we thought that greenhouse warming was the dominant 
effect in the atmosphere. Now, new research has shown that the aerosol effect over the 
continents could dominate the greenhouse effect". "If aerosols reach the ITCZ, the 
thunderstorm clouds can transport them into the upper atmosphere where fast winds can in 
turn circulate them around the globe." 

Source: Source: http://explorations.ucsd.edu/indoex/news.cfm
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Challenge (1/1)

Clouds & Aerosols

The Asian Brown Cloud, 
generated by 2·E9

people!

Cross-sectional view  of 

i) dense haze in the 
Arabian Sea (visibility 
< 10km), 

i) trade cumuli embedded 
in the haze and 

ii) pristine southern 
Indian Ocean. 

Kuring, 2002

Climate Aerosol EffectsIntro Conclusion

Asia and the Indian subcontinent, which together have a population of more than 2 billion people, 
emit large quantities of pollutants that can be carried to the Indian Ocean during the northern 
hemisphere winter by monsoon winds from the northeast. Researchers documented a human-
produced brownish-gray haze layer of about 10 million square kilometers over the Indian-Asian 
region. The particles within the haze, the researchers discovered, were causing a three-fold 
decrease in solar radiation reaching the earth's surface as compared with the top of the 
atmosphere. The aerosols, typically in the submicrometer- to micrometer-size range, were a 
mixture of sulfates, nitrates, organic particles, fly ash, and mineral dust, formed by fossil fuel 
combustion and rural biomass burning [1] …. The haze is caused by high concentrations of small 
particles known as aerosols that are usually less than a few micrometers in diameter. Comprised 
primarily of soot, sulfates, nitrates, organic particles, fly ash and mineral dust, the particles often 
reduced visibility over the open ocean to less than 10 kilometers, a range typically found near 
polluted regions of the United States and Europe. The haze layer also contains relatively high 
concentrations of gases, including carbon monoxide, various organic compounds, and sulfur
dioxide, providing conclusive evidence that the haze layer is caused by pollution. In contrast to 
the situation over the northern Indian Ocean, the lower atmosphere over the southern Indian 
Ocean remains remarkably clean, thanks to the Inter-Tropical Convergence Zone (ITCZ), which 
is found around 5-10 degrees south of the equator at this time of year. A narrow zone of deep and 
towering thunderstorms that form over the warmest part of the equatorial ocean, the ITCZ 
intercepts polluted air masses and removes much of the pollution as rainfall. But the ITCZ clouds 
can also move substantial amounts of pollutants into the upper atmosphere where they can be 
spread over large areas. 

Image: Clouds in the presence of aerosol.  Low clouds over the tropical Indian Ocean embedded 
within the aerosol layer: a, b) north of the ITCZ, c) near the ITCZ, and d) free of the haze south of 
the ITCZ. [2]

Source: http://explorations.ucsd.edu/indoex/news.cfm
http://www.theresilientearth.com/files/chapter_1.html
UNEP, 2002. The Asian Brown Cloud
[1] V. Ramanathan, P. J. Crutzen, J. T. Kiehl, D. Rosenfeld (2001). Aerosols, Climate, and the Hydrological Cycle. 
SCIENCE VOL 294 7 DECEMBER 2001
[2]  Satheesh S.K., Ramanathan V (2000). Large differences in tropical aerosol forcing at the top of the atmosphere and 
Earth‘s  surface. Nature, Vol. 405: 60-63.
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Comparison of Aerosol Size 
Classes

There is no such thing as a strict 
category per se; rather we deal with 
a continuum of size classes that 
diffuses into each other.

Madl, 2003

Inventory (1/1)

Climate Aerosol EffectsIntro Conclusion

The issue of concern are 

• nano-aerosols (ultrafine-, 
sub-micrometer particles);

Although visible dust sometimes clouds the sky, dust is relatively large and too heavy to stay in 
air for very long. Still many particles are microscopic and remain suspended for considerable 
periods of time.  
Grössenvergleich von Beispielobjekten, vom Niesaerosol, zum menschlichen Haar, über Pollen, 
Pilzsporen, Bakterien, Dieselruss bis hinunter zu den Viren.  
Die horizontale Achse des zentral abgebildeten Diagramms stellt die Grössenskala eines Aerosols 
dar (1nm bis 10mm).  Auf der vertikalen Achse ist die Absetzgeschwindigkeit des jeweiligen 
Aerosols aufgetragen (100nm/s bis 10m/s).  Im obrigen Teil befindet sich auch eine 
Grobklassifizierung des dargestellten Spektrums in dem auch das kleine Band des “sichtbaren 
Lichts“ abgebildet ist. 

Sizes of Airborne Particles; superimposed are the settling velocities in still air at 0°C and 
101.3kPa for particles having a density of 1g/cm3 as a function of particle diameter[1].

Source: [1] Madl P. (2003) Instrumental development and application of a thermodenuder.  MSc-thesis, Queensland 
University of Technology, Brisbane  & Paris Lodron University of Salzburg.  Available online: 
http://www.ubs.sbg.ac.at/pdf/AC04556571.pdf
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Climate

Intro Aerosol Effects ConclusionClimate
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Aerosol Inventory (1/7)

An Aerosol is an assembly of liquid or solid particles suspended in a gaseous 
medium long enough to enable observation or measurement.  

Generally, the sizes of aerosols are in the range from 0.001 to 100µm.

Dust                Smoke   -Smog- Fume                 Mist             Clouds     Blue Mountains - Effect

Intro Aerosol Effects ConclusionClimate

Aerosol: an assembly of liquid or solid particles suspended in a gaseous medium long enough to enable 
observation or measurement.  Generally, the sizes of aerosols are in the range from 0.001 to 100µm.  
Definitionen:  Der begriff wurde von Gibbs (1924) geprägt; er definierte es als zeitlich relativ konstante 
suspension von festen oder flüssigen teilchen in einem gas(förmigen) medium. Particle: small discrete 
objects - Particulate: a particle.  
Dust: solid particles formed by crushing or other mechanical breakage of a parent material.  These particles 
generally have irregular shapes and are typically around 0.5µm.  
Fog & mist: liquid aerosol particle of 10µm – 100µm ion diameter.  
Fume: particles that are usually the result of vapour condensation with subsequent agglomeration usually 
<0.05µm.  
Smog: an aerosol consisting of solid and liquid particles, created at least in part, by the action of sunlight or 
vapour; thus <2mm.  
Smoke: a solid or liquid aerosol, the result of incomplete combustion or condensation of supersaturated 
vapour; typically <1mm.  

Aerosols are tiny particles …. that scatter sunlight back to space and, thus, cause a regional cooling effect. 
The particles also can have an indirect cooling effect on climate by acting as seeds for cloud condensation 
and, thus, increasing the reflectivity, or albedo, of clouds. The effect of sulfate aerosols is equivalent to that 
of trillions of tiny mirrors floating in the sky, reflecting sunlight back to space. Concentrated predominantly 
over the industrial areas of the northern hemisphere, sulfates contribute to acid rain and haziness. In addition 
to sulfates, aerosols also include pollutants such as soot, organic carbon and mineral dust, and are produced 
both naturally and by human activities. 
Natural sources: soil and rock debris, forest fires, sea salt, volcanic debris, biogenic (pollen, viruses, 
bacteria, etc.).  Meteoroligically spoken, invisible particles (<400nm) act as surfaces onto which water vapor
can condense, which is an important function in the formation of clouds and fog. 
Blue Mountains: The sky is blue because the air in the atmosphere scatters blue light. If the sky was not
blue we would be looking out into space and we would see the deep black of space (just as on the moon).  
When we look at a distant object such as a mountain range we can also see the blue light scattered in the air. 
This is what gives distant maontains their blue colour.  When you can see rows of ranges you will notice the
further away the more blue the mountains appear. This is due to the furtherest maintains being viewed
through a “thicker“ atmoshperic stratum, resulting in more scattered blue light. 
Anthropogenic sources: fuel combustion and industrial processes, industrial processes fugitive emissions, 
non-industrial fugitive emissions, transportation, etc.  

Source: Lutgens & Tarbuk, 1998; p.7 /  Cunningham & Cunningham, 2003; p.371  /  http://www.zwei-m.ch/images/Brandung.jpg
http://optics.kulgun.net/Blue-Mountains/
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Aerosols 
(from Gk: aer, air & sol, fluid) 

Are colloids in which liquid or 
solid particles are suspended;

Size: Comparison b/w
• sand vs. boulder
correlates with 
• exhaust particle vs. dust

Aerosol Inventory (2/7)

Sand grain        vs.           Boulder
Petrol particle   vs.   Dust particle

Intro Aerosol Effects ConclusionClimate

Using the boulder–sand relationship one can estimate the orders of magnitude aerosols can cover;

Source: http://greenmuseum.org/c/aen/Images/Ecology/Lankford/boulder-xl.jpeg
http://www.ica1.uni-stuttgart.de/~hans/sand.html
http://www1.istockphoto.com/file_thumbview_approve/240969/2/istockphoto_240969_sand_grain.jpg
http://www.physorg.com/newman/gfx/news/stardust.jpg



10

10-04-21 Madl 10

Residence Time of Aerosols in the 
Troposphere

Level in the atmosphere τwet

Below about 1.5 km 0.5 - 2 days

Lower troposphere 2 days - l week

Middle & upper troposphere 1 – 2 weeks

Tropopause level 3 weeks - 1 month

Lower stratosphere l – 2 months

Upper stratosphere 1 – 2 years

Lower mesosphere 4 – 20 years

Jaenicke, 1988

Aerosol Inventory (3/7)

Intro Aerosol Effects ConclusionClimate

Table: Aerosol residence times tau at various levels in the atmosphere estimated 
past 1970, p.78 [1].

Aerosol lifetimes are approximately 1 to 2 weeks (19), which is significantly
shorter than that of ozone. Therefore, aerosols have a more uneven distribution
than ozone, both horizontally and vertically, and are more concentrated near their
source regions over continents and in the boundary layer. The more uneven
distribution of tropospheric aerosols causes highly heterogeneous radiative
forcing, which can lead to climate effects occurring regionally as well as globally
(7, 19). From the perspective of air quality, background concentrations of 
anthropogenic aerosols in remote areas are much lower than those considered
dangerous by air-quality standards, because of their shorter lifetimes, and 
intercontinental transport is more episodic than for ozone. [2]

Source : [1] Jaenike R.  In  LANDOLT-BORNSTEIN (1988). Numerical Data and Functional Relationships in Science 
and Technology. Volume 4 Meteorology. Subvolume b Physical and Chemical Properties of the Air.  Springer – FRG. 

[2] Akimoto H., (2003) Global Air Quality and Pollution . Science,  Vol. 302, 1716-1719;
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Contrails &
Nuclear Winter

Travis et al., 2002

Aerosol Inventory (4/7)

Intro Aerosol Effects ConclusionClimate

P.J. Crutzen, 2006
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Preliminary results indicate that aerosols in the polluted region scatter the incoming solar 
radiation and reduce the amount of energy absorbed by the ocean surface by as much as 10 
percent. …. 
Contrails are visible trails of condensed water vapour made by the exhaust of aircraft engines. 
Persisting contrails can reduce the transfer of both incoming solar and outgoing infrared radiation 
and so reduce the daily temperature range (DTR).  The inlet shows DTR-values from three 
different periods: three days before the attacks on the twin-towers in the USA; three days 
immediately afterwards, when aircraft were grounded and there were therefore no contrails; and 
the subsequent three days.[1]

This has brought scientists like P. Crutzen to the idea to use artificially generated aerosols to 
induce global dimming as a countermeasure of global warming.  This includes a very 
controversial proposal like the combustion of S2 or H2S carried into the stratosphere on balloons 
and by artillery guns to produce SO2, where chemical and micro-physical processes convert SO2
into sub-micrometer sulfate particles.  However, side effects like failure of monsoons, associated 
droughts, tropopausic ozone depletion, interference with stratospheric cloud formation, acid 
precipitation and their corresponding adverse effects on terrestrial plant growth and tropical 
marine reef-systems.[2]

Source: http://explorations.ucsd.edu/indoex/news.cfm
[1] Travis D.J., Carleton A.M., Lauritsen R.G. (2002). Climatology: Contrails reduce daily temperature range. Nature 418, 
p.601.  
Image: Nguyen L. (2001). http://www-pm.larc.nasa.gov/sass/sfc.contrail.1.26.01.jpg
Image: https://qed.princeton.edu/index.php/User:Student/Radioactive_fall-out_from_the_Chernobyl_accident
[2] Crutzen P.J. (2006). Albedo Enhancement By Stratospheric Sulfur Injections: A Contribution To Resolve A Policy 
Dilemma? Climatic Change, 77, 211-219. 
[3] NRC (1985). The Effects on the Atmosphere of a Major Nuclear Exchange. Commission on Physical Sciences, 
Mathematics, and Applications (CPSMA). National Academic Press, Washington – USA; 
http://books.nap.edu/openbook.php?record_id=540&page=R1
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Residence Time of Aerosols in the 
Troposphere

Level in the atmosphere τwet

Below about 1.5 km 0.5 - 2 days

Lower troposphere 2 days - l week

Middle & upper troposphere 1 – 2 weeks

Tropopause level 3 weeks - 1 month

Lower stratosphere l – 2 months

Upper stratosphere 1 – 2 years

Lower mesosphere 4 – 20 years

Ehrlich et al., 1984

Aerosol Inventory (5/7)

Intro Aerosol Effects ConclusionClimate

τ ≈ 1·E3 d

τ ≈ 100 d

τ ≈ 10 d

When the upper air is heated (through the absorption of sunlight by fine particles 
raised in the nuclear war), the surface is cooled, because the same particles 
prevent sunlight from reaching the surface. In Figure 1B, calculated from TTAPS 
results, the structure of the Earth's atmosphere at northern midlatitudes 30 days 
after a baseline nuclear war is shown The vertical axis represents height (h) and 
the horizontal axis indicates air temperature in degrees centigrade …. The new 
temperature structure is shown after 120 days. In both cases the familiar 
atmospheric structure has vanished, the temperature of the lower atmosphere is 
more constant with altitude, and a new temperature inversion region has 
appeared. Just as for temperature inversions over cities such as Los Angeles, the 
altered temperature structure is very stable, and particles that have reached these 
altitudes are removed much more slowly than would ordinarily be the case. Since 
the influence of this temperature inversion is not yet included in the TTAPS 
calculations (the calculations are not "fully interactive"), the time scales for 
normal conditions to recover, may be severe underestimates. In the 30-day case, 
the region in which the temperature hardly varies with altitude has reached the 
ground, and in this sense nuclear war can be said to bring the stratosphere down 
to Earth. 

Source: Jaenike R.  In  LANDOLT-BORNSTEIN (1988). Numerical Data and Functional Relationships in Science and 
Technology. Volume 4 Meteorology. Subvolume b Physical and Chemical Properties of the Air.  Springer – FRG. 
EHRLICH P.R., SAGAN C., KENNEDY D., ROBERTS W.R: (1984) THE COLD AND THE DARK: The World after
Nuclear War. The Conference on the Long-Term Worldwide Biological Consequences of Nuclear War. W W NORTON & 
COMPANY, New York . London
http://www.mindfully.org/Nucs/Sagan-Nuclear-Consequences31oct83.htm
http://www.j-schoenen.de/abc-manual/a/Feuerball.html
http://www.cddc.vt.edu/host/atomic/nukeffct/enw77b3.html   Descriptions of Nuclear Explosions
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Residence Time of Aerosols in the 
Troposphere

Level in the atmosphere τwet

Below about 1.5 km 0.5 - 2 days

Lower troposphere 2 days - l week

Middle & upper troposphere 1 – 2 weeks

Tropopause level 3 weeks - 1 month

Lower stratosphere l – 2 months

Upper stratosphere 1 – 2 years

Lower mesosphere 4 – 20 years

Fero et al., 2009

Aerosol Inventory (6/7)

Intro Aerosol Effects ConclusionClimate

τ ≈ 1·E3 d

τ ≈ 100 d

PUFF and HAZMAP, two tephra dispersal models developed for volcanic hazard 
mitigation, are used to simulate the climatic 1991 eruption of Mt. Pinatubo. PUFF 
simulations indicate that the majority of ash was advected away from the source at the 
level of the tropopause (~ 17 km). Several eruptive pulses injected ash and SO2 gas to 
higher altitudes (~ 25 km), but these pulses represent only a small fraction (~ 1%) of the 
total erupted material released during the simulation. Comparison with TOMS images of 
the SO2 cloud after 71 and 93 h indicate that the SO2 gas originated at an altitude of 
~ 25 km near the source and descended to an altitude of ~ 22 km as the cloud moved 
across the Indian Ocean. HAZMAP simulations indicate that the Pinatubo tephra fall 
deposit in the South China Sea was formed by an eruption cloud with the majority of the 
ash concentrated at a height of 16–18 km. Results of this study demonstrate that the 
largest concentration of distal ash was transported at a level significantly below the 
maximum eruption column height (~ 40 km) and at a level below the calculated height of 
neutral buoyancy (~ 25 km). Simulations showed that distal ash transport was dominated 
by atmospheric circulation patterns near the regional tropopause. In contrast, the 
movement of the SO2 cloud occurred at higher levels, along slightly different trajectories, 
and may have resulted from gas/particle segregations that took place during intrusion of 
the Pinatubo umbrella cloud as it moved away from source. 

Source: Jaenike R.  In  LANDOLT-BORNSTEIN (1988). Numerical Data and Functional Relationships in Science and 
Technology. Volume 4 Meteorology. Subvolume b Physical and Chemical Properties of the Air.  Springer – FRG. 
Fero, J., Carey, S. N. and Merrill, J. T., 2009. Simulating the dispersal of tephra from the 1991 Pinatubo eruption: 
Implications for the formulation of widespread ash layers. Journal of Volcanology and Geothermal Research, 
DOI:10.1016/j.jvolgeores.2009.03.011 
http://euros.gso.uri.edu/volcanoes/PIN_cartoon.gif
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Residence Time of Aerosols in the 
Troposphere (cont’d)

I: small ions; 
A: Aitken particles; 
C: residence time calculated from thermal diffusion 

(coagulation) of aerosols in dynamic equilibrium; 
R: radioactivity; 
P: precipitation removal of aerosols; 
F: sedimentation of aerosols

Jaenicke, 1988

Aerosol Inventory (7/7)

Intro Aerosol Effects ConclusionClimate

The residence time tau of aerosols as function of particle radius r.  I: small ions; 
A: Aitken particles, the residence time was estimated from geographical 
distributions; C: residence time calculated from thermal diffusion (coagulation) 
of aerosols in dynamic equilibrium; R: radioactivity; P: precipitation removal of 
aerosols; F: sedimentation of aerosols.

Source: Jaenike R.(1988);  in  LANDOLT-BORNSTEIN. Numerical Data and Functional Relationships in Science and 
Technology. Volume 4 Meteorology. Subvolume b Physical and Chemical Properties of the Air.  Springer – FRG. 
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Het. nucleation of 
carbon dioxide
bubbles around a 
finger.

Cacciuto, 2004

Nucleation

CCN (1/8)

Intro Aerosol Effects ConclusionClimate
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Homogeneous
nucleation of metal 
vapour. 

Kraska, 2008

Cloud condensation nuclei or CCNs (also known as cloud seeds) are small
particles (typically 0.2 µm, or 1/100 th the size of a cloud droplet) about which
cloud droplets coalesce. Water requires a non-gaseous surface to make the
transition from a vapour to a liquid. In the atmosphere, this surface presents itself
as tiny solid or liquid particles called CCNs. When no CCNs are present, water
vapour can be supercooled below 0 °C before droplets spontaneously form (this
is the basis of the cloud chamber for detecting subatomic particles). In above
freezing temperatures the air would have to be supersaturated to around 400% 
before the droplets could form. The concept of cloud condensation nuclei has led
to the idea of cloud seeding, that tries to encourage rainfall by seeding the air
with condensation nuclei.

Source: http://ariadne.mse.uiuc.edu/Group/cacciuto/home.html
http://van-der-waals.pc.uni-koeln.de/PCWWW/index.php?lang=en
http://en.wikipedia.org/wiki/Cloud_condensation_nuclei
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CCN (2/8)

Intertropical Convergence Zone (ITCZ)
(idealized)

Lutgens & Tarbuk, 1998

Intro Aerosol Effects ConclusionClimate

Subpolar low 
pressure system;

Equatorial low-
pressure system;

Subpolar low 
pressure system

S
un

The region is also a perfect natural laboratory. Continental air laden with man-
made aerosols collides with pristine air from the southern Indian Ocean in a 
region near the equator called the Intertropical Convergence Zone (ITCZ). This 
mingling of polluted and clean air is particularly evident from January to April of 
each year during the winter monsoon. 
"Until about five years ago, we thought that greenhouse warming was the 
dominant effect in the atmosphere. Now, new research has shown that the aerosol 
effect could dominate the greenhouse effect over the continents," Ramanathan
said. "If aerosols reach the ITCZ, the thunderstorm clouds can transport them into 
the upper atmosphere where fast winds can in turn circulate them around the 
globe." 
Sscientists were surprised to find that such a dense pollution layer in the Indian 
Ocean was caused by sources at least a thousand or more kilometers away. They 
suggest that the pollution events observed in INDOEX may be symptomatic of 
large-scale pollution transport that may be occurring in other regions of Earth. 

Source: http://explorations.ucsd.edu/indoex/news.cfm
[image] Lutgens, F. & Tarbuck, E. (1998); The Atmosphere 3rded. Prentice Hall; NJ - USA.
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CCN (3/8)

Intertropical Convergence Zone (ITCZ) cont’d

Intro Aerosol Effects ConclusionClimate

dry drywet

The region is also a perfect natural laboratory. Continental air laden with man-made aerosols 
collides with pristine air from the southern Indian Ocean in a region near the equator called the 
Intertropical Convergence Zone (ITCZ). This mingling of polluted and clean air is particularly 
evident from January to April of each year during the winter monsoon. The main INDOEX field 
experiments will occur during this time frame to learn whether the ITCZ may be transporting 
sulfates and other aerosols to other parts of the globe. 
Continental air laden with man-made aerosols collides with pristine air from the southern Indian 
Ocean in a region near the equator called the Intertropical Convergence Zone (ITCZ). This 
mingling of polluted and clean air is particularly evident from January to April of each year 
during the winter monsoon. 
Some scientists now contemplate whether the cooling effect of aerosols may explain why a 
buildup of greenhouse gases in the atmosphere has not caused the planet to warm as much as 
predicted by climate models. 
The Natural heat engine - the cumulonimbus cloud, transports heat from the lower to upper levels 
of the atmosphere. Note the cloud tops produce a bright albedo, reflecting solar radiation.  
The INDOEX researchers contrasted the pollution in the northern Indian Ocean with the lower 
atmosphere over the southern Indian Ocean, which remains remarkably clean due to the 
InterTropical Convergence Zone (ITCZ), a narrow zone of deep and towering thunderstorms. The 
ITCZ intercepts polluted air masses and removes much of the particulate pollution in rainfall ….
Professor Crutzen, 1995 Nobel Laureate. "The part of the atmosphere that you would expect to be 
the cleanest -- the areas without a lot of industrialization -- in fact can be very highly polluted, 
especially during the dry season." 

Source: http://explorations.ucsd.edu/indoex/news.cfm
http://hernadi-key.blogspot.com/2009/06/suggestions-of-strong-negative-cloud.html
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Cloud Condensation 
Nuclei (CCN)

Formation of clouds depends 
on:

• water content in air mass;
• T & p gradient;
• saturation ratio S;
• aerosols present in air;

CCN (4a/8)

Intro Aerosol Effects ConclusionClimate

Lutgens & Tarbuk, 1998; Wagner, 2009

Cloud condensation under supersaturated conditions of air masses over land (or sea) and 
the associated equilibrium stage where condensation nuclei start to occur (particularly 
when S=1); the supersaturated value (S>1) is closely linked to temperature (T) and 
vapour pressure (pv). The saturation-pressure (ps) represents the vapour pressure at 
saturated conditions.[1]
ps: saturation vapor pressure at a given temperature wherein the water vapor is in 
equilibrium with a surface of pure water or ice.
pv: the part of the total atmospheric pressure attributable to its water-vapor content.

The aerosols can increase the number of cloud drops within low clouds. This indirect 
effect of aerosols can lead to increased reflection of sunlight back to space, or a cooling 
effect. The scientists say more research is required for understanding how these man-
made tiny particles influence climate. 
Atmospheric heating caused by this absorbed radiation could impact atmospheric 
stability, as well as the development and lifetimes of clouds that we found to be 
commonly embedded in this haze," said Antony Clarke, INDOEX lead scientist ….
"Most haze particles had soluble material condensed on a soot-like component and a 
significant enhancement in cloud droplet concentrations was found associated with 
elevated particle concentrations. These observations dramatize the need to understand the 
influence of combustion aerosol on solar radiation in both clear and cloudy environments
….

Source: http://explorations.ucsd.edu/indoex/news.cfm
[1] Wagner P. (2009). Nucleation and condensation - Formation of aerosol particles. Basic Aerosol Science, 
Summerschool, University of Vienna – AUT. 
[2] Lutgens, F. & Tarbuck, E. (1998); The Atmosphere 3rded. Prentice Hall; NJ - USA.
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Cloud Condensation 
Nuclei (CCN)

Formation of clouds depends 
on:

• water content in air mass;
• T & p gradient;
• saturation ratio S;
• aerosols present in air;

CCN (4b/8)

Intro Aerosol Effects ConclusionClimate

Lutgens & Tarbuk, 1998; Wagner, 2009

Cloud condensation under supersaturated conditions of air masses over land (or sea) and 
the associated equilibrium stage where condensation nuclei start to occur (particularly 
when S=1); the supersaturated value (S>1) is closely linked to temperature (T) and 
vapour pressure (pv). The saturation-pressure (ps) represents the vapour pressure at 
saturated conditions.[1]
ps: saturation vapor pressure at a given temperature wherein the water vapor is in 
equilibrium with a surface of pure water or ice.
pv: the part of the total atmospheric pressure attributable to its water-vapor content.

The aerosols can increase the number of cloud drops within low clouds. This indirect 
effect of aerosols can lead to increased reflection of sunlight back to space, or a cooling 
effect. The scientists say more research is required for understanding how these man-
made tiny particles influence climate. 
Atmospheric heating caused by this absorbed radiation could impact atmospheric 
stability, as well as the development and lifetimes of clouds that we found to be 
commonly embedded in this haze," said Antony Clarke, INDOEX lead scientist ….
"Most haze particles had soluble material condensed on a soot-like component and a 
significant enhancement in cloud droplet concentrations was found associated with 
elevated particle concentrations. These observations dramatize the need to understand the 
influence of combustion aerosol on solar radiation in both clear and cloudy environments
….

Source: http://explorations.ucsd.edu/indoex/news.cfm
[1] Wagner P. (2009). Nucleation and condensation - Formation of aerosol particles. Basic Aerosol Science, 
Summerschool, University of Vienna – AUT. 
[2] Lutgens, F. & Tarbuck, E. (1998); The Atmosphere 3rded. Prentice Hall; NJ - USA.
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Di-Methyl-Sulfide (DMS)

DMS [Tg/yr]
Ocean 27-40.0
Marsh (sw) 0.6
Swamp (fw) 0.8
Soil & plants 0.3

Total 28.7-45.7

Yoch, 2002           Cunningham & Cunningham, 2003 

CCN (5/8)

Intro Aerosol Effects ConclusionClimate

Most pollution aerosols interact with clouds to reduce their droplet size, increase 
their albedo, and suppress precipitation. This process is reversed over oceans, 
however. Rosenfeld et al. show that large sea salt nuclei in polluted oceanic air 
override the precipitation suppression effect of small pollution nuclei. They find 
that raindrops formed from airborne particles of sea salt grow by collecting cloud 
droplets that form on the pollution particles, thereby cleansing the air. Clouds 
that form in clean ocean air precipitate even more efficiently, establishing a 
positive feedback loop that leads to the formation of pristine maritime air masses. 
This mechanism, in which salt from sea spray serves as a catalyst, makes the 
oceans the “green lungs” of our planet. 

Schematic representing the mechanisms of DMSP and DMS cycling in the
marine water column and atmosphere.  Dimethyl sulfoxide (DMSO); dimethyl-
sulfonio-propionate (DMSP); cloud-condensing nuclei (CCN).[1]
MMPA, 3-methiolpropionate; ß-HP, ß-hydroxypropionate; 3-MPA, 3-
mercaptopropionate; MeSH, methanethiol; X-CH3, unidentified molecule with a 
terminal methyl group.

Source: http://www.sciencemag.org/cgi/reprint/297/5587/1605c.pdf
[1] Yoch D.C. (2002). Dimethylsulfoniopropionate: Its Sources, Role in the Marine Food Web, and Biological 
Degradation to Dimethylsulfide. Applied and Environmental Microbiology. Vol 68, No.12, p. 5804-5815.
Cunningham W.P., Cunningham M.A. (2003).  Environmental Science, 7th ed.. McGraw-Hill, Boston, MA – USA
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CCN (6/8)

Di-Methyl-Sulfide (DMS cont’d)

The 28.7-45.7·E12 [g/yr] of oceanic DMS, 
corresponds to an average mean Aitken
nuclei concentrations of (see image)
data given in x·E3 [cm-3].

Comparision: average background
aerosol concentration in SBG* 
(accumulation mode) during

a) summer (urban): 12·E3 [cm-3] @ 80 nm
b) winter (urban): 22·E3 [cm-3] @ 30 nm

(*) Kwasny et al., 2009

Jaenicke, 1988

Intro Aerosol Effects ConclusionClimate

Mean Aitken nuclei concentrations in 1.E3 cm3 over the oceans adapted from 
and new data added.

Source: Jaenike R. (1988); in  LANDOLT-BORNSTEIN. Numerical Data and Functional Relationships in Science and 
Technology. Volume 4 Meteorology. Subvolume b Physical and Chemical Properties of the Air.  Springer – FRG. 
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Comparison of Size Classes
Homogeneous nucleation

Lutgens & Tarbuk, 1998; Madl, 2003

CCN (7/8)

Intro Aerosol Effects ConclusionClimate

Although visible dust sometimes clouds the sky, dust is relatively large and too heavy to stay in 
air for very long. Still many particles are microscopic and remain suspended for considerable 
periods of time.  
Grössenvergleich von Beispielobjekten, vom Niesaerosol, zum menschlichen Haar, über Pollen, 
Pilzsporen, Bakterien, Dieselruss bis hinunter zu den Viren.  
Die horizontale Achse des zentral abgebildeten Diagramms stellt die Grössenskala eines Aerosols 
dar (1nm bis 10mm).  Auf der vertikalen Achse ist die Absetzgeschwindigkeit des jeweiligen 
Aerosols aufgetragen (100nm/s bis 10m/s).  Im obrigen Teil befindet sich auch eine 
Grobklassifizierung des dargestellten Spektrums in dem auch das kleine Band des “sichtbaren 
Lichts“ abgebildet ist. 

RAIN: Formation of rain starts about the size of 200nm (condensation nuclei), 
while typical cloud droplets are 20 µm in size,
Whereas the typical raindrop is 2mm in size,
Sizes of Airborne Particles; superimposed are the settling velocities in still air at 0°C and 
101.3kPa for particles having a density of 1g/cm3 as a function of particle diameter[1].

Source: [1] Madl P. (2003) Instrumental development and application of a thermodenuder.  MSc-thesis, Queensland 
University of Technology, Brisbane  & Paris Lodron University of Salzburg.  Available online: 
http://www.ubs.sbg.ac.at/pdf/AC04556571.pdf

Lutgens & Tarbuk, 1998; p.7
Madl, 2003
Lutgens & Tarbuk, 1998; p.115
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CCN (8/8)

Clouds

• Cirrus: white, and thin,
separated or detached, 
form delicate veil-like 
patches, have a feathery 
appearance;

• Cumulus: globular 
individual cloud masses, 
exhibit a flat base, appear 
as rising domes or 
towers;

• Stratus: sheets or layers 
(strata) that cover much 
or all of the sky, no 
distinct individual units;

Intro Aerosol Effects ConclusionClimate

Lutgens & Tarbuk, 1998

Cloud Classification: Clouds are classified on the basis of two criteria: form and height. Three basic cloud 
forms are recognized:

• Cirrus clouds are high, white, and thin. They are separated or detached and form delicate veil-like patches 
or extended wispy fibers and often have a feathery appearance. {Cirrus is a Latin word meaning "curl" or 
"filament.").

• Cumulus clouds consist of globular individual cloud masses. Normally, they exhibit a flat base and appear 
as rising domes or towers. Such clouds are frequently described as having a cauli-flowerlike structure.

• Stratus clouds are best described as sheets or layers (strata) that cover much or all of the sky. Although 
there may be minor breaks, there are no distinct individual cloud units.

High clouds -above 6000m: 
Cirrus: Thin, delicate, fibrous ice-crystal clouds. Sometimes appear as hooked filaments called "mares' tails" 

(cirrus uncinus). 
Cirrostratus: Thin sheet of white ice-crystal clouds that may give the sky a milky look, Sometimes produces 

halos around the Sun and Moon.
Cirrocumulus: Thin, white ice-crystal clouds, in the form of ripples or waves, or globular masses ali in a row. 

May produce a "mackerel sky." Least common of high clouds.
Middle clouds - 2000-6000m:
Altocumulus: White to gray clouds often made up of separate globules; "sheepback" clouds. 
Altostratus: Stratified veil of clouds that is generally thin and may produce very light When thin, the Sun or 

Moon may be visible as a "bright spot," but no holes are produced. 
Low clouds - below 2000m:
Stratus: Low uniform layer resembling fog but not resting on the ground. May produce drizzle. 
Stratocumulus: Soft, gray clouds in globular patches or roils. Rolls may join together to make a continuous 

cloud.
Nimbostratus: Amorphous layer of dark gray clouds. One of the chief precipitation-producing clouds. 
Clouds of vertical development:
Cumulus: Dense, billowy clouds often characterized by flat bases. May occur as isolated clouds or closely 

packed. 
Cumulonimbus: Towering cloud, sometimes spreading out on top to form an "anvil head.' Associated with 

heavy rainfall, thunder, lightning, hail, and tornadoes. 

Source: [2] Lutgens, F. & Tarbuck, E. (1998); The Atmosphere 3rded. Prentice Hall; NJ - USA: p.105-106;
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INDOEX (1/8)

Maldives - Kaashidhoo

The headquarters of the 
INDOEX field study

Intro Aerosol Effects ConclusionClimate
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The Indian Ocean region was chosen as the site for INDOEX because the Indian subcontinent and surrounding nations are rich sources for 
many kinds of aerosols, including those produced from industrial and auto emissions, biomass burning, and soil dust. The scientists chose 
the Indian Ocean region as the site for INDOEX because the Indian subcontinent and surrounding nations are rich sources for many kinds 
of aerosols, including those produced from industrial and auto emissions, biomass burning, and soil dust. With Asia's population rising at a 
dramatic rate, the amount of sulfur dioxide released is expected to increase. The Republic of Maldives …. was chosen for its remote 
location and pristine environment; boat traffic to and from the island is minimal and tourism does not exist. The Maldives are sufficiently 
far from India and Sri Lanka to be truly representative of the remote marine environment of the northern Indian Ocean, yet they are 
strongly influenced by the northeast monsoon," said V. Ramanathan …. "This makes them ideal for studying the influence of pollutants 
carried by the northeast monsoon on the chemical composition and radiative properties of aerosols and clouds" ….  "Should sea levels rise 
by about one meter as a result of predicted increases in global temperatures, nearly 80 percent of the Maldives will be inundated," said 
Republic of Maldives President Maumoon Abdul Gayoom in an address to mark the inauguration of the new observatory last year. "The 
remaining 20 percent might also be reduced to mere sandbars. 

By Maryam Omidi
MALE (Reuters) - The Maldivian president and ministers held the world's first underwater cabinet meeting on Saturday, in a symbolic cry 
for help over rising sea levels that threaten the tropical archipelago's existence. Aiming for another attention-grabbing event to bring the 
risks of climate change into relief before a landmark U.N. climate change meeting in December, President Mohamed Nasheed's cabinet 
headed to the bottom of a turquoise lagoon. Clad in black diving suits and masks, Nasheed, 11 ministers the vice president and cabinet 
secretary dove 3.8 meters (12 feet, 8 inches) to gather at tables under the crystalline waters that draw thousands of tourists to $1,000-a-
night luxury resorts. As black-and-white striped Humbug Damselfish darted around a backdrop of white coral, Nasheed gestured with his 
hands to start the 30-minute meeting, state TV showed. "We are trying to send our message to let the world know what is happening and 
what will happen to the Maldives if climate change isn't checked," a dripping Nasheed told reporters as soon as he re-emerged from the 
water. The archipelago nation off the tip of India, best-known for luxury tropical hideaways and unspoiled beaches, is among the most 
threatened by rising seas. If U.N. predictions are correct, most of the low-lying Maldives will be submerged by 2100. Nasheed and the 
ministers used a white plastic slate and waterproof pencils to sign an "SOS" message from the Maldives during the 30-minute meeting.
"We must unite in a world war effort to halt further temperature rises," the message said. "Climate change is happening and it threatens the 
rights and security of everyone on Earth.“ World leaders will meet in Copenhagen to hammer out a successor agreement to the 1997 Kyoto 
Protocol, and industrialized nations want all countries to impose sharp emissions cuts. "We have to have a better deal. We should be able to 
come out with an amicable understanding that everyone survives. If Maldives can't be saved today, we do not feel that there is much of a 
chance for the rest of the world," he said. The developing world wants rich countries to shoulder most of the burden, on the grounds they 
contributed most to the problem. Nasheed and the cabinet trained for two weeks and were assisted by professional divers to pull off his 
latest eye-catching move related to climate change. Nasheed, barely a month after entering office last year, declared he would establish a 
sovereign fund to relocate his country's 350,000 people if sea levels rise, but later admitted it was not feasible given the state of the 
Maldivian economy. Earlier this year, he vowed to make the Maldives carbon neutral within a decade by switching to renewable energy 
and offsetting carbon emissions caused by tourists flying to the Maldives. 

Source: http://explorations.ucsd.edu/indoex/news.cfm
http://movingimages.wordpress.com/2008/01/07/little-voices-from-the-waves-maldives-too-young-to-die/
http://www.reuters.com/article/environmentNews/idUSTRE59G0P120091017
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INDOEX (2/8)

Indian Ocean Experiment (INDOEX)
• a U$25 ·E6 field campaign covering Feb-March 1999;
• using  ships, aircraft, land-based monitoring equipment, 

satellite data & computer models;
• covering approx. 10·E6 km2 of tropical area

(roughly the size of continental Europe);
• headed by Paul J. Crutzen & V. Ramanathan in collaboration 

with scientists from the UK, FRA, FRG, IND, Maldives, 
Mauritius, the NL, SWE, and the USA;

data collection of :
• dissolved gases in and at the sea surface layer;
• aerosol composition & reactive atmospheric gases, 
• solar radiation fluxes, winds, & water vapor distribution. 

http://www-indoex.ucsd.edu

Intro Aerosol Effects ConclusionClimate

V. Ramanathan

P.J. Crutzen
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The international INDOEX team participated in a field experiment that 
documented widespread pollution covering about 10 million square kilometers of 
the tropical Indian Ocean (roughly the same area as the continental Europe) …. 
The scientists are participating in the Indian Ocean Experiment (INDOEX), a $25 
million project, sponsored in part by the National Science Foundation, to 
investigate how tiny pollutant particles called aerosols are transported through 
the atmosphere and their effect on climate. The project is coordinated by the 
Center for Clouds, Chemistry and Climate (C4) at Scripps Institution of 
Oceanography, a National Science Foundation Science and Technology Center at 
the University of California, San Diego. Paul J. Crutzen, director of the Max 
Planck Institute for Chemistry and a 1995 Nobel Laureate in Chemistry and V. 
Ramanathan, director of C4 at the Scripps Institution of Oceanography, serve as 
co-chief scientists.
Scientists used ships, aircraft, and land stations to collect data from the sea
surface through the lower stratosphere on aerosol composition, reactive 
atmospheric gases, solar radiation fluxes, winds, and water vapor distribution. 
The field data were used to calibrate NASA Earth Observing System satellites to 
obtain a regional map of the cooling effect by aerosols. The field and satellite 
data also enable calculating the effects of aerosols in global warming prediction 
models. 

Source: http://explorations.ucsd.edu/indoex/news.cfm
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Brown Haze over KCO
Kaashidhoo Climate Observatory
• Heterogeneous mix of climate active aerosols, 

like SO4
=, VOCs, soot, mineral dust, etc. 

Lelieveld et al., 2001

INDOEX (3/8)
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Image L.: Schematic over- view of the INDOEX measurement domain, traversed
by two ships (red hatching) and two aircraft (43 flights; yel- low hatching), the
mean location of the ITCZ, and 1- to 2-week boundary layer air mass trajectories
dur- ing January to March 1999 (arrows). KCO is the Kaashidhoo Climate
Observatory at 5°N, 73.5°E.
Image R.: Average mass (M) composition of fine aerosol on KCO (Maldives) as 
a function of the logarithm of the particle diame- ter (D) in February 1999. The
residual includes mineral dust, fly ash, and unknown compounds.
Table: Mean fine and coarse mass fractions of aerosols collected on filters on 
board the C-130 aircraft in the boundary layer (34 samples) and at KCO (24 
samples). D is diameter. MSA is methane sulfonic acid. �Rest� includes
magnesium, calcium, oxalate, formate, and unidentified material.

Source: [1] , Lelieveld J.et al. (2001) ,Pollution from South and Southeast Asia The Indian Ocean Experiment: Widespread
Air. Science, 291: 1031-1036;
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Heterogeneous Cloud Formation

• raindrops initiated by the sea salt grow by collecting small
cloud droplets that form on the pollution particles;

• sea salt helps cleansing the atmosphere of the air pollution
via cloud processes. 

Rosenfeld et al., 2002

INDOEX (4/8)
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Droplet size differs
according to pollution
levels (Gulf of Bengal):
• 12°N, 7°N .... 

north of ITCZ
• 3°S, 15°S .... 

south of ITCZ

Particulate air pollution has been shown to strongly suppress precipitation from convective clouds over land. 
New observations show that precipitation from similar polluted clouds over oceans is much less affected, 
because large sea salt nuclei override the precipitation suppression effect of the large number of small
pollution nuclei. Raindrops initiated by the sea salt grow by collecting small cloud droplets that form on the
pollution particles, thereby cleansing the air. Therefore, sea salt helps cleanse the atmosphere of the air
pollution via cloud processes. This implies that over oceans, the climatic aerosol indirect effects are
significantly smaller than current estimates.

Image R.: Sea-viewing Wide Field-of-view Sensor (SeaWiFS) image of clouds forming in polluted air flowing
toward the ITCZ, over the Bay of Bengal and the Indian Ocean to its south, on 11 February 1999, 07 : 39 
GMT, about 2 hours after the TRMM overpass. Frames 1, 2, and 3 correspond to curves in the left figure. 

Image L.: The relation between T and reff as observed by the TRMM satellite in deep convec-tve clouds
occurring in (curve 1) heavily polluted air over south India on 24 March 1999; (curve 2) polluted air in the
northeasterly trade winds on 11 February 1999, with median TRMM AOD of 0.35, (curve 3) in air reaching the
northern rain band of the ITCZ with AOD 0.27, (curve 4) and in air to the south of the northern cloud band of 
the ITCZ, still in the Northern Hemisphere air mass, with AOD 23; (curve 5) and lastly in the Southern Hemi-
sphere pristine trade winds, with AOD 0.07. Plotted are the 50th (solid lines), 15th, and 85th (dashed lines) 
percentiles of r eff for each 1 K interval. The vertical green line marks the precipitation threshold of 14 denote
the lowest cloud-top temperature that still contained detectable TRMM radar precipi- tation echoes. r eff is less
than 14 so that precipitation is completely suppressed there below the 10°C isotherm, whereas deep clouds in 
polluted air over the sea (curve 2) precipitate readily, with some further decreasing threshold depth further to 
the south (curves 3 to 4) in the cleaner clouds. 

Source: [1] Rosenfeld D., Lahav R., Khain A., Pinskyvelocities M. (2002). The Role of Sea Spray in Cleansing Air 
Pollution over Ocean via Cloud Processes. Sciece, 297: 1667-1670.
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INDOEX (5/8)

Clouds & Aerosols

First aerosol indirect effect:
elevated aerosol concentrations cause 
the droplets in a cloud to be smaller 
and more numerous within a cloud of 
fixed water amount. 

• approx. 10x particles as pristine air, 
• opaque clouds, increased albedo, 
• 10% less ground-level solar rad.,
• lower grd temps, less evaporation,
• smaller droplets @ same rH, 
• delayed tendency of precipitation,
• clouds emit more IR to the surface;

Kulmala et al. 2004.
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Aerosol cooling is one of the largest remaining sources of uncertainty in predicting future climate. 
Data collected during INDOEX will provide scientists with crucial information needed to develop 
more accurate global climate prediction models. "This is one of the first comprehensive 
experiments aimed at understanding the magnitude of the cooling effect of sulfates and other 
aerosols on climate," Ramanathan said. "One fundamental thing we hope to learn is to what extent
the aerosol cooling has offset the global warming due to human-produced greenhouse gases and 
how that may change with increased regulation of aerosol emissions in the United States and 
Europe." 
Some scientists now contemplate whether the cooling effect of aerosols may explain why a 
buildup of greenhouse gases in the atmosphere has not caused the planet to warm as much as 
predicted by climate models. Similarly, the increased concentration of atmospheric aerosols over 
industrial areas may help to explain why the warming trend in North America does not appear to 
be following the pattern seen in other parts of the world. 
"We have concluded that the aerosol-cloud process - called the first aerosol indirect effect -
operates in the clouds we studied, and results in a greater downward thermal emission from the 
cloud," Vogelmann said. "Its contribution to the surface warming is comparable to that by the so-
called greenhouse effect. The Arctic is showing the first unmistakable signs of climate warming 
caused by human activities, in the form of rapidly retreating and thinning sea ice," Lubin said. 
"This rapid climate change in the Arctic may have profound implications for both fragile 
ecosystems and unique modes of human habitation. Our study illustrates how human activity can 
influence Arctic climate in more than one way, by changing the way clouds warm the climate, in 
addition to the carbon dioxide increases. It is also another example of human industrial activity's 
surprising impact on remote polar regions."

Image: In a process known as the first aerosol indirect effect, enhanced aerosol concentrations 
cause the droplets in a cloud to be smaller and more numerous within a cloud of fixed water 
amount. This study found that this process can make the clouds more opaque and emit more 
thermal energy to the surface. 

Source: http://www.bnl.gov/bnlweb/pubaf/pr/PR_display.asp?prID=06-09
http://explorations.ucsd.edu/indoex/news.cfm
Kulmala M., Kerminen V.M., Anttila T., Laaksonen A., O'dowd C.D. (2004). Organic aerosol formation via sulphate 
cluster activation.  Journal of Geophysical Research, Vol. 109, No.D4, pp. D04205.1-D04205.7. 
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Brown Haze over KCO
Kaashidhoo Climate Observatory

Pollution profile of airplane census f(height).  

Lelieveld et al., 2001

INDOEX (6/8)
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Pollutant profiles downwind of India (7.5°N, 72°E), including aerosol absorption and scattering, observed
from the C-130 aircraft on 13 March 1999.[1]
How would the tropical oceans respond to such a large decrease in surface heating? One possibility is that it 
might decrease the evaporation (since nearly 80% of the radiative heating in the tropics is balanced by 
evaporation) thus decreasing the intensity of the hydrological cycle.  The ocean may also respond by altering 
ist head transport.  Another major question is whether the low clouds can sustain the intense soot-intuced
solar heaing, or whether they will burn off.  The low-level trade cumulus clouds, north of the ITCZ, are 
embedded within the aerosol layer, and the low clouds clouds evaporate when subject to enhanced solar 
heating.  Finally, it is uncertain whether the soot-induced heating can modify the monsoonal circulaitons.  
This question arises because of the existence of significant north-south gradients in the sooty haze layer 
across the ITCZ.  Our results raise substantial new questions regarding the regional climate effects. [2]
We propose that surface HNO3 molecules prevent the ice/vapor system from reaching equilibrium by a 
mechanism similar to that of freezing point depression by antifreeze proteins. new link between global 
climate and natural and anthropogenic nitrogen oxide emissions. Including erties and the distribution of 
upper tropospheric water vapor. [3]
[4] Measurements and models show that enhanced aerosol concentrations can augment cloud albedo not only
by increasing total droplet cross-sectional area, but also by reducing precipitation and thereby increasing
cloud water content and cloud coverage. Aerosol pollution is expected to exert a net cooling influence on the
global climate through these conventional mechanisms. Here, we demonstrate an opposite mechanism
through which aerosols can reduce cloud cover and thus significantly offset aerosol-induced radiative
cooling at the top of the atmosphere on a regional scale. 

Source: [1] , Lelieveld J.et al. (2001) ,Pollution from South and Southeast Asia The Indian Ocean Experiment: Widespread
Air. Science, 291: 1031-1036;
[2]  Satheesh S.K., Ramanathan V (2000). Large differences in tropical aerosol forcing at the top of the atmosphere and 
Earth‘s surface. Nature, Vol. 405: 60-63.
[3] Gao R,E, et al. (2004) Relative Humidity in Low-Temperature Cirrus Clouds. Science, Vol 303: 516-520.
[4] Ackerman A,S., Toon O.B., Stevens, D.E., Heymsfield A.J., Ramanathan, V., Welton E.J. (2000) Reduction of 
Tropical Cloudiness by Soot. Science 288: 1042-1047.
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Brown Haze over KCO
Kaashidhoo Climate Observatory

Pollution profile of airplane census f(height).

A: clean air south of the ITCZ;
B: polluted air north of the ITCZ;
C: LIDAR measurement south of the ITCZ;
D: LIDAR measurement north of the ITCZ;

(clouds without rain)

Due to low level formation of clouds (white 
regions), precipitation is slowed down as 
further agglomeration to CCN is delayed.

Ackerman et al., 2000
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Images of clouds within clean and dirty marine boundary layers obtained during
the INDOEX Intensive Field Phase in 1999. Photographs taken by A.J.H. from
the NCAR C-130 aircraft on February 20 at (A) 4.3°S, 73°E in clean air from the
southern Indian Ocean and (B) 0.2°N, 73°E in polluted air 1000 km distant from
India. Time-height contours of particle backscatter cross section (in km1 sr1) 
measured by micropulse lidar (MPL) from the National Oceanic and 
Atmospheric Administration (NOAA) on (C) February 25 steaming from 7°S, 
61°E to 6°S, 62°E (in clean air from the southern Indian Ocean) and (D) March
7 from 1°�N, 68!E to 12°N, 68°E (in polluted air 1000 km distant from India). 
The marine boundary layer in (D) is overlain by a residual continental boundary
layer (between km altitude) advecting pollution directly from India, as shown by
back-trajectories (41) and discussed further in (42). The MPL operates at a 
wavelength of 0.523. White regions in (C) and (D) are clouds.

Source: [4] Ackerman A,S., Toon O.B., Stevens, D.E., Heymsfield A.J., Ramanathan, V., Welton E.J. (2000) Reduction of 
Tropical Cloudiness by Soot. Science 288: 1042-1047.
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Brown Haze over the Himalaya

• high levels of combustion-derived soot over 
the Indian Ocean, 

• contributes to a brownish-gray haze layer;
• aerosols reflect sunlight back to space
• BC absorb a much larger fraction than they 

reflect;
• how this heating of the atmosphere affects 

climate remains uncertain. 
• the thick brown haze has profound effects on 

human health, crop yield and rainfall patterns 
in the Asian region;

Ramanathan et al., 2007

INDOEX (8/8)
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The researchers documented high levels of combustion-derived soot over the Indian Ocean, which 
contributed to a brownish-gray haze layer that absorbed the sun's energy. While the aerosols reflect sunlight 
back to space, they absorb a much larger fraction than they reflect. How this heating of the atmosphere 
affects climate remains uncertain. Their research suggests that the thick brown haze which forms over much 
of Asia during the tropical dry season, could have profound effects on human health, crop yield and rainfall 
patterns in the Asian region," said Mr. Toepfer
The results show that the brown haze - a mixture of pollutants, mainly soots, sulfates, nitrates, organic 
particles, fly ash and mineral dust, formed by fossil fuel combustion and rural biomass burning - is reducing 
the amount of sunlight reaching the tropical Indian Ocean surface, thousands of kilometers from its source, 
by as much as 10 percent; with larger percentage reduction over the Indian Subcontinent ….

While in Kathmandu, the scientists and UNEP staff took a plane flight toward the Himalayas and found the 
haze extended vertically at least five kilometers - compared to the 3km ceiling measured during INDOEX 
[1]. The panels on the right show the orbit track across Asia and on the left the vertical extent of the aerosol 
is shown for the blue-shaded portion of each track. We chose the colour scale so that aerosol usually shows 
up in green, yellow and red (for low, medium and high loadings, respectively) and boundary layer clouds 
usually show up as grey or white. Cirrus usually ranges from yellow to grey. Sample profiles are shown for 
four months of the dry season that extends from November to May. The Takla Makan desert is in 
northwestern China between 37° N and 41° N and 77° E to 90° E. Hml., Himalayas. 

Image: The panels on the right show the orbit track across Asia and on the left the vertical extent of the
aerosol is shown for the blue-shaded portion of each track. We chose the colour scale so that aerosol usually
shows up in green, yellow and red (for low, medium and high loadings, respectively) and boundary layer
clouds usually show up as grey or white. Cirrus usually ranges from yellow to grey. Sample profiles are
shown for four months of the dry season that extends from November to May. The Takla Makan desert is in 
northwestern China between 37° N and 41° N and 77° E to 90° E. Hml., Himalayas. [1] 

Source: http://explorations.ucsd.edu/indoex/news.cfm
[1] Veerabhadran Ramanathan, Muvva V. Ramana, Gregory Roberts, Dohyeong Kim, Craig Corrigan, Chul Chung & 
David Winker (2007). Warming trends in Asia amplified by brown cloud solar absorption. Nature 448, 575-578.
http://www.nature.com/nature/journal/v448/n7153/full/nature06019.html
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Aerosol & Climate (1/5)

Ground level Effects
…. Implications for the Indian subcontinent:

• increased cyclone, activity;
• increased drought & flood frequencies;
• altered monsoonal patterns 

i) shorter in duration but more intense;
i) shift in distribution patterns of  precipitation across

the continent;
• being largely an agricultural nation, increase stress 
burden on farmers;

• rising economic and social instability;
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Jairam Ramesh (Ind. Environment Minister): his 
government won’t accept any legally binding deal if the 
US & EU do not reduce their emissions by 40% in the 
coming decade!

NZZ, 2009

Intro Aerosol Effects ConclusionClimate

Source: NZZ, 2^1. Sept. 2009, No: 271; p.6
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Ground level Effects
…. Observed & modeled 
Arctic Sea-Ice:

• accelerated 
ice-sheet melting
of Ant- & Arctic;

• pristine air fully
exposes ice-sheet
to solar radiation;

• current models
can’t fully grasp
impact of aerosols;

The Copenhagen Diagnosis, 2009

Aerosol & Climate (2a/5)

Intro Aerosol Effects ConclusionClimate

…due to cleaner air over US & EU

The most significant recent climate change findings are: 
Surging greenhouse gas emissions: Global CO2-emissions from fossil fuels in 2008 were nearly 40% higher 
than those in 1990. Even if global emission rates are stabilized at present-day levels, just 20 more years of 
emissions would give a 25% probability that warming exceeds 2°C, even with zero emissions after 2030.  
Every year of delayed action increases the chances of exceeding 2°C warming. 
Recent global temperatures demonstrate human-induced warming: Over the past 25 years temperatures 
have increased at a rate of 0.19°C per decade, in very good agreement with predictions based on greenhouse 
gas increases.  Even over the past ten years, despite a decrease in solar forcing, the trend continues to be 
one of warming. Natural, short-term fluctuations are occurring as usual, but there have been no significant 
changes in the underlying warming trend. 
Acceleration of melting of ice-sheets, glaciers and ice-caps: A wide array of satellite and ice measurements 
now demonstrate beyond doubt that both the Greenland and Antarctic ice-sheets are losing mass at an 
increasing rate.  Melting of glaciers and ice-caps in other parts of the world has also accelerated since 1990. 
Rapid Arctic sea-ice decline: Summer-time melting of Arctic sea-ice has accelerated far beyond the 
expectations of climate models.  The area of sea-ice melt during 2007-2009 was about 40% greater than the 
average prediction from IPCC AR4 climate models. 
Current sea-level rise underestimated: Satellites show recent global average sea-level rise (3.4 mm/yr over the 
past 15 years) to be ~80% above past IPCC predictions. This acceleration in sea-level rise is consistent with a 
doubling in contribution from melting of glaciers, ice caps, and the Greenland and West-Antarctic ice-sheets. 
Sea-level predictions revised: By 2100, global sea-level is likely to rise at least twice as much as projected by 
Working Group 1 of the IPCC AR4; for unmitigated emissions it may well exceed 1 meter.  The upper limit has 
been estimated as ~ 2 meters sea level rise by 2100. Sea level will continue to rise for centuries after global 
temperatures have been stabilized, and several meters of sea level rise must be expected over the next few 
centuries. 
Delay in action risks irreversible damage: Several vulnerable elements in the climate system (e.g. continental 
ice-sheets, Amazon rainforest, West African monsoon and others) could be pushed towards abrupt or 
irreversible change if warming continues in a business-as-usual way throughout this century. The risk of 
transgressing critical thresholds (�tipping points�) increases strongly with ongoing climate change.  Thus 
waiting for higher levels of scientific certainty could mean that some tipping points will be crossed before they 
are recognized. 
The turning point must come soon: If global warming is to be limited to a maximum of 2 �C above pre-industrial 
values, global emissions need to peak between 2015 and 2020 and then decline rapidly. To stabilize climate, a 
decarbonized global society � with near-zero emissions of CO 2 and other long-lived greenhouse gases �
needs to be reached well within this century.  More specifically, the average annual per-capita emissions will 
have to shrink to well under 1 metric ton CO 2 by 2050. This is 80-95% below the per-capita emissions in 
developed nations in 2000.

Source: The Copenhagen Diagnosis, (2009).  Updating the World on the Latest Climate Science. The University of New 
South Wales Climate Change Research Centre (CCRC), Sydney, Australia, 60pp. 
http://www.copenhagendiagnosis.com
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Aerosol & Climate (2b/5)
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….
• low albedo due to low aerosol concentration;
• ground-level solar radiation relative intense;
• cool temperature = low absolute humidity;
• meltdown outweighs low precipitation input;

Absolute humidity in the ant-/-arctic region is very low even though relative 
humidity can reach values as high as 80% or more.  
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Radiative Forcing
Reducing the effects of global 

dimming may trigger:
• soaring rise in greenhouse 

gases like CO2 & CH4;

• methane-hydrates so far 
trapped in deposits in the 
domains of the submarine 
and tundra,

IPCC, 2003

Aerosol & Climate (3/5)

Intro Aerosol Effects ConclusionClimate

Atmospheric concentration of carbon dioxide (CO2) and methane (CH4)
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Optical depth, or optical thickness is a measure of transparency, and is defined as 
the negative logarithm of the fraction of radiation (or light) that is not scattered or 
absorbed on a path. One way of visualizing optical depth is to think of a fog. The 
fog between you and an object that is immediately in front of you has an optical 
depth of zero. As the object moves away, the optical depth increases until it 
reaches a large value and the object is no longer visible.[4]
Concentration of CO2 and CH4 in the atmosphere. The trends with seasonal cycle
removed are shown in red. CO2 and CH4 are the two most important
anthropogenic greenhouse gases. Data are from the Earth System Laboratory of 
the US National Oceanic and Atmospheric Administration. CO2 is averaged
globally. CH4 is shown for the Mauna Loa station only. [3]

Source: [4] http://en.wikipedia.org/wiki/Optical_depth
[3] p.12: The Copenhagen Diagnosis, (2009).  Updating the World on the Latest Climate Science. The University of New 
South Wales Climate Change Research Centre (CCRC), Sydney, Australia, 60pp. 
http://www.copenhagendiagnosis.com
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Radiative Forcing

• Aerosol affect Optical 
Depth (a measure of 
transparency, and is defined 
as the negative logarithm of 
the fraction of radiation that 
is not scattered or absorbed 
on a path;

• due to large uncertainties 
aerosols jeopardize current 
climate models;

IPCC, 2003

Aerosol & Climate (4/5)

Intro Aerosol Effects ConclusionClimate

"If you cut the amount of sunlight going into the ocean, you will also impact the amount of 
moisture evaporating from the sea surface either regionally or globally and, consequently, the 
amount of rainfall that will be generated," Ramanathan said. "So the entire hydrological cycle is 
being perturbed." 
A reduction in the amount of sunlight reaching the ocean surface can also have a detrimental 
effect on plant life that depends on photosynthesis, including plankton, which provides a key link 
in the marine food chain ….
Early results indicate that the pollutants play a dual role in that they have both warming and 
cooling effects. The tiny particles produce a cooling effect in that they scatter sunlight back to 
space. By acting as seeds for cloud condensation, they also produce an indirect cooling effect by 
increasing both the longevity and reflectivity, or albedo, of clouds. 
Because aerosols that contain black carbon both absorb and reflect incoming sunlight, these 
particles can exert a regional cooling influence on Earth's surface that is about 3 times greater 
than the warming effect of greenhouse gases. But even as these aerosols reduce by as much as 10 
percent the amount of sunlight reaching the surface, they increase the solar energy absorbed in the 
atmosphere by 50 percent-thus making it possible to both cool the surface and warm the 
atmosphere ….
Radiative Forcing as estimated by the IPCC.[1] Yet as outlined in the text, the impact of aerosols, 
its effect on global albedo, and its influence on the formation of cloud condensation nuclei 
(CCN), remains one of the least understood atmospheric processes upon which global climate 
change critically depends. [2]
aerosol issues raised from INDOEX are a "major environmental concern." Not only do they 

question the role aerosols are playing on the regional and global hydrological cycle, but, they say, 
globally averaged, the aerosol increases the solar heating of the atmosphere accompanied by a 
reduction in the solar heating of the surface of the planet and these effects maybe quite 
comparable with the forcing due to greenhouse gases. [3]

Source: http://explorations.ucsd.edu/indoex/news.cfm
[1] IPCC (2003). Climate Change 2001, Working Group I: The Scientific Basis.  Available online: 
http://www.grida.no/publications/other/ipcc_tar/?src=/climate/ipcc_tar/wg1/222.htm
[2] Myhre G., Highwood E.J., Shine K.P., Stordal F. (1998), New estimates of radiative forcing due to well mixed greenhouse gases, Geophysical Research Letters, 
Vol 25, No. 14, pp 2715–2718. 
[3] V. Ramanathan, P. J. Crutzen, J. T. Kiehl, D. Rosenfeld (2001). Aerosols, Climate, and the Hydrological Cycle. SCIENCE VOL 294 7 DECEMBER 2001
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Aerosols cut down sunlight by large amounts, thereby 
spinning down the hydrological cycle of the planet …. 
Aerosols can limit the size of cloud droplets, stifling the 
development of the larger droplets required for efficient 
raindrops. Ramanathanet al., 2001

Radiative Forcing

Aerosol & Climate (5/5)

Aerosols cut down sunlight by large amounts, thereby 
spinning down the hydrological cycle of the planet …. 
Aerosols can limit the size of cloud droplets, stifling the 
development of the larger droplets required for efficient 
raindrops. Ramanathanet al., 2001

The impact of aerosols, its effect on global albedo, and its 
influence on the formation of cloud condensation nuclei, 
remains one of the least understood atmospheric 
processes upon which global climate change critically 
depends.                                                              Kulmala et al., 2004

Intro Aerosol Effects ConclusionClimate

Aerosols cut down sunlight by large amounts, thereby 
spinning down the hydrological cycle of the planet …. 
Aerosols can limit the size of cloud droplets, stifling the 
development of the larger droplets required for efficient 
raindrops. Ramanathanet al., 2001

The impact of aerosols, its effect on global albedo, and its 
influence on the formation of cloud condensation nuclei, 
remains one of the least understood atmospheric 
processes upon which global climate change critically 
depends.                                                              Kulmala et al., 2004

Aerosols are one of the least understood influences on 
global climate!                                                            NASA, 2009

Due to large 
uncertainties, aerosols 
jeopardize current 
climate models;

IPCC, 2003

Copenhagen: a 2°C 
limit to warming is 

impossible to achieve!
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The researchers documented high levels of combustion-derived soot over the Indian Ocean, which contributed to a 
brownish-gray haze layer that absorbed the sun's energy. While the aerosols reflect sunlight back to space, they absorb a
much larger fraction than they reflect. How this heating of the atmosphere affects climate remains uncertain. 
Researchers applied a numerical model of the atmosphere to assess the impact of these pollution sources over broad areas
….
"The aerosol is absorbing significant amounts of sunlight in the atmosphere. We should seriously consider how the 
monsoon circulation will respond to the altered heating and its impact on global climate," said Ramanathan …. Sunlight 
reduction can impact plant life (incl. coral reefs) that depends on photosynthesis, moisture evaporation, cloud formation, 
and rainfall …. The difference, the authors say, is largely due to man-made soot aerosol particles that absorb sunlight in the 
atmosphere …. "The atmospheric heating over the northern Indian Ocean is surprisingly large compared to other oceanic 
regions and is comparable in magnitude with that observed over the coastal regions of the Atlantic Ocean," said 
Ramanathan …. disruption caused by the soot aerosols may have several consequences for the region's climate, including 
slowing down the natural hydrological cycle and breaking up cloud cover …. While Ramanathan admits that scientists 
don't know the net effect of bright and dark aerosols on global climate, through INDOEX and CERES they have shown 
that aerosols have a net cooling effect on the surface and they now know the magnitude of that cooling over a large region.
A new study issued by researchers at Scripps Institution of Oceanography at the University of California, San Diego, 
argues that particles of human-produced pollution may be playing a significant role in weakening Earth's water cycle, 
much more than previously realized [1] …. Tiny aerosols primarily made up of black carbon, the authors argue, can lead to 
a weaker hydrological cycle, which connects directly to water availability and quality, a major environmental issue of the 
21st century …. Through INDOEX we found that aerosols are cutting down sunlight going into the ocean. The energy for 
the hydrological cycle comes from sunlight …. As sunlight heats the ocean, water escapes into the atmosphere and falls 
out as rain. So as aerosols cut down sunlight by large amounts, they may be spinning down the hydrological cycle of the 
planet." …. Rosenfeld notes that these aerosol particulates may be suppressing rain over polluted regions. Within clouds, 
aerosols can limit the size of cloud droplets, stifling the development of the larger droplets required for efficient raindrops.
At present the effects caused by aerosols are not generally accounted for in climate model prediction studies, but we will 
need to include the absorbing aerosols in future model predictions [1]
While the effects of greenhouse gases and their implications on the atmosphere are basically understood, the impact of 
aerosols, their effects on global albedo (= reflectivity), and their influence on the formation of cloud condensation nuclei 
(CCN), remains one of the least understood atmospheric processes upon which global climate change critically depends.[2]

Source: http://explorations.ucsd.edu/indoex/news.cfm
[1] V. Ramanathan, P. J. Crutzen, J. T. Kiehl, D. Rosenfeld (2001). Aerosols, Climate, and the Hydrological Cycle. 
SCIENCE VOL 294 7 DECEMBER 2001
[2] Kulmala M., Kerminen V.M., Anttila T., Laaksonen A., O'dowd C.D. (2004). Organic aerosol formation via sulphate 
cluster activation.  Journal of geophysical research, Vol. 109, No.D4, pp. D04205.1-D04205.7.
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Aerosols – Patterns & Properties

Intro Climate Effects ConclusionAerosol
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Aerosol Dynamics

• Nucleation  Mode 
(new particle formation, primary particles)

• Aitken Mode 
(subsequent agglomeration of nucleation)

• Accumulation Mode

• Coarse Mode
(mechanically generated)

NaCl-animation: Madl & Kwasny, 2006

Madl, 2003

Modes (1/3)

Intro Climate Effects ConclusionAerosol

Aerosols modes and their Dynamics: Tropospheric condensation nuclei are 
typically very small and cover a range from a few nanometers to less than 100 
nm.  Under favorable abiotic conditions, these aerosols can rapidly agglomerate 
to larger clusters that characterize the Aitken mode (see Fig).  Condensation 
nuclei are particles directly emitted into the atmosphere or formed there by gas-
to-particle conversion.  This mode is not always present, but is usually found in 
the upper troposphere or near combustion sources.  Because of their high number 
concentration, especially near their source, these tiny nano-particles coagulate 
rapidly with each other and give rise to the Aitken mode.  Consequently, 
nucleation particles have relatively short lifetimes in the atmosphere and 
eventually agglomerate to larger clusters, which are then grouped into the 
accumulation mode.[1]

Image: Schematic of a typical size distribution It shows the mass weighted 
formation mechanisms for atmospheric particles.[2]

Source: [1] Hinds W.C. (1999). Aerosol Technology – Properties, Behavior and Measurement of 
Airborne Particles, 2nd ed. John Wiley & Sons – USA.
[2] Madl P. (2003) Instrumental development and application of a thermodenuder.  MSc-thesis, 
Queensland University of Technology, Brisbane  & Paris Lodron University of Salzburg.  
Available online: http://www.ubs.sbg.ac.at/pdf/AC04556571.pdf
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Particle Formation of a 
Combustion Aerosol

prim.particle formation

AKPF, 2000

Modes (2/3)

Intro Climate Effects ConclusionAerosol

The physical characteristics of soot are inert, odourless, and insoluble in water 
and in organic solutions.  It is, however, a high adsorbent for hydrocarbons, 
aldehydes, oxygen-containing odour compounds and sulfur containing molecules.  
The SO4

= fraction of diesel exhaust particles is composed primarily of the 
sulfuric acid (H2SO4) formed from the sulfur contained in the fuel and or the 
lubricating oil.  It is generated when SO2 is oxidized to sulfur trioxide (SO3

-).  
Upon exposure with water vapor (likewise a by-product of the combustion 
process) it converts to H2SO3 and eventually to H2SO4 [1].  These H2SO4
particles adhere to the carbonaceous structure.  Formation of H2SO4 is widely 
load-dependent; only a small amount is produced in low load conditions, while 
more of it occurs at high load operation conditions.  As sulfur content in diesel 
has a detrimental effect on diesel fume purification, it is a major player in the 
negative health effects on humans of diesel exhaust. Unfortunately, the sulfur
content in the exhaust stream makes catalysts useless, as it interferes with the 
precious metals or oxides the catalyst is coated with[2]. To really deal with the 
particle problem, the sulfur in the fuel has to be gotten rid off at the refinery.  
Reducing sulfur content to 5 ppm or lower brings dramatic improvements, by 
eliminating the sulfur nanoparticles.  Only then can the exhaust particle stream 
react with the metal-coated substrate of the catalysts to further oxide them while 
the solid fraction could be trapped in particle filters[3].  
The chemistry of ambient UFP depend on particle size and source of origin.  The
smaller ambient ultrafine particles approaching 10 nm consist increasingly of 
organic compounds (Kittelson 1998) which are lipid or water soluble[4]. 
Source: [1] Atkins, (1997), p.534.  /  [2] Horstman et al. (2003), transcript.  /  [3] AKPF (2000), p.2.  /  [4] Oberdörster G., 
Oberdörster E., Oberdörster J. (2005). Nanotoxicology: An Emerging Discipline Evolving from Studies of Ultrafine
Particles; Environmental Health Perspective Vol. 113, No.7: 823-839;Supplemental Material available online 
(http://ehp.niehs.nih. gov/members/2005/7339/supplemental.pdf) p.19;
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Particle Formation of a 
Combustion Aerosol

• 13·E9 kg of UFP/day 
(LA-basin alone);

• cleansed out by heterogeneous 
agglomeration (10-100x faster 
than homogeneous nucleation) 

Oberdörster et al., 2005

Modes (3/3)

for homogeneous 
nucleation to occur, 
the activation energy 
must be quite high
(saturation ratio >1);

heterogen. nucleation 
due to AEROSOLS
is 10-100x faster than 
homog. Nucleation
(saturation ratio ≤ 1);

Intro Climate Effects ConclusionAerosol

UFP are ubiquitous in indoor and outdoor air. Indeed, a source emission
inventory for the South Coast Air Basin surrounding Los Angeles (USA) 
estimated a primary UFP emission rate of 13 tons per day (Cass et al. 2000).  
However, due to heterogeneous and homogeneous coagulation, UFP numbers
decrease at higher concentrations rapidly by factors of 10 and more; for example, 
with increasing distances from highways (Zhu et al. 2002), or  with increasing
aging times of aerosols .... Cleaning up the air by reducing the number of larger 
accumulation mode particles significantly may cause a longer persistence and 
thereby increase of the ultrafine mode since the sink for their effective
elimination is no longer present. 

Source: Oberdörster G., Oberdörster E., Oberdörster J. (2005). Nanotoxicology: An Emerging Discipline Evolving from
Studies of Ultrafine Particles; Environmental Health Perspective Vol. 113, No.7: 823-839, [3] p.830; [4] p.834;
Supplemental Material available online (http://ehp.niehs.nih. gov/members/2005/7339/supplemental.pdf) p.3-4;
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Composition

…. MASS …. !

Source: Soentgen & Voelzke, 2006

Mass (1/8)

Intro Climate Effects ConclusionAerosol

When we combined the satellite measurements with surface measurements, we 
found that the reduction of sunlight reaching the surface was three times larger 
than the amount of sunlight reflected back to space," says V. Ramanathan …. 
Averaged over the entire northern Indian Ocean, the man-made pollutants 
reflected more solar radiation back to space (than pristine skies), but they 
absorbed up to twice as much radiation in the atmosphere ….

Together, these features maximize the effects of aerosol pollution," Ramanathan
explains. As a result of human industry-automobiles, factories, and burning 
vegetation-particles build up in the atmosphere where they are blown southward 
over most of the tropical Indian Ocean. The Indo-Asian haze covered an area 
larger than that of the United States. Although the INDOEX team found 
atmospheric particles of natural origin-such as trace amounts of sea salts and 
desert dust-they also found that 75 percent of the aerosol over the region resulted 
from human activities-including sulfates, nitrates, black carbon, and fly ash. Most 
natural aerosols scatter and reflect sunlight back to space, thereby making our 
planet brighter. However, human-produced black carbon aerosol absorbs more 
light than it reflects, thereby making our planet darker …. 

Scan: Masse wichtigsten Partikelquellen. Bei den Werten handelt es sich um 
geschätzte Werte; die mögliche Spanne kann für einige Quellen sehr groß sein, z. 
B. für vulkanische Emissionen schwanken die Schätzwerte je nach Autor 
zwischen 4 und 10.000 Tonnen/Jahr. 

Source: http://explorations.ucsd.edu/indoex/news.cfm
Soentgen J., Völzke K. (2006). Staub - Spiegel der Umwelt, in der Reihe ..Stoffgeschichten“. oekom verlag, Muenich, 
FRG
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Mass vs. 
Number 
concentration

Morawska, 2003

Soentgen & Voelzke, 2006

Mass vs. Number (1/2)

Intro Climate Effects ConclusionAerosol

…. Invisible!

…. Visible!

Conversion from particle number concentrations to particle mass. Gravimetric measurements of 
particle inventory such as PM10 fail to account for the huge bulk of even smaller particles in the 
smallest size range. 

Scan: Masse wichtigsten Partikelquellen. Bei den Werten handelt es sich um geschätzte Werte; 
die mögliche Spanne kann für einige Quellen sehr groß sein, z. B. für vulkanische Emissionen 
schwanken die Schätzwerte je nach Autor zwischen 4 und 10.000 Tonnen/Jahr. 

Source: Soentgen J., Völzke K. (2006). Staub - Spiegel der Umwelt, in der Reihe “Stoffgeschichten“. oekom verlag, 
Muenich, FRG
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Mass vs. 
Number 
concentration

Hofmann, 2008

Mass vs. Number (2/2)

Intro Climate Effects ConclusionAerosol

In a spherical 10 µm particle with an identical density, the  
Mass is proportional to diameter3, whereas the 
Surface Area is proportional to diameter2;

Diameter rel.Mass rel.Surface
______________________________
10 µm 1·E0 1·E0

1 µm 1·E-3 1·E-2

100 nm 1·E-6 1·E-4

10 nm 1·E-9 1·E-6

i.e.: 1·E6 100nm particles match with the mass of a single 10µm 
particle.  As a result gravimetric determination of a single 
100nm particle can not be detected with standard PM10
sampling techniques.

Mass vs. particle number:
Animation of the Salzburg (Rrudolfsplatz) measurement campaign in 2007.

Source: Madl, 2007
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Surface (1/3)

Surface-Effects
Inter-particle forces characterize ad- & 

ab-sorption; determined by
• size
• shape
• roughness
• chemistry (bonding, ionic/covalent)
• charges (dipols)
• hydro- / lipo-phobicity
• vapor pressure
Properties of surrounding
• T (thermophoresis), aerosol separator;
• E (photophoresis), acoust.cavity spectrom.;
• humidity (fluid film), CPC; growth;
• conductivity (epiphanom., AES)
• rel.particle velocity
• contact time
• biological reactivity

Intro Climate Effects ConclusionAerosol

Petrol  versus  Diesel

Baron & Willeke, 2001

Calculation of lognormal distributions with discrete size distribution intervals. Surface area and volume distributions are calculated assuming 
spherical particles. A simulation of random number count errors is included, as well as calculation of respirable, thoracic, inhalable, and PM10
dust fractions. [1] …. Even if all these particles have the same microscopically observed diameter, the mass, surface area, and other properties 
of each particle are likely to be quite different …. In addition, the chemistry, surface area, and fibrosity of the particles may indicate their 
interactions with the lung tissues once they are deposited.[2] …. 
Vertical Image: Schematic structure of an agglomerate in two-dimensional space. Scanning down the figure corresponds to viewing the 
particle at ever higher magnification. Such an agglomerate might be observed at several magnifications, ranging from the structure of the 
entire particle down to the chemical structure of the surface. Thus, at lowest magnifications, the complex structure can be represented by a 
fractal dimension; at an intermediate magnification, the spherules have nearly integral dimension; at higher magnification still, the spherule 
surface may be rough and characterized by another fractal dimension. The intra- and interparticle forces that hold particles together …. are 
difficult to quantitate. These forces may depend on particle bulk and surface parameters (size, shape, roughness, chemistry), the properties of 
the surrounding gas (temperature, humidity) and the mechanics of the contacting particles (relative particle velocity, contact time) …. 
adhesion. At high humidity, liquid molecules are adsorbed on the particle surface and fill the capillary spaces at and near the point of contact. 
The surface tension of this liquid layer increases the adhesion between the two surfaces …. Particle adhesion on impact is an especially critical 
factor in inertial collection devices.[3] …. In evaporation-condensation-reaction processes, reactions take place at the newly formed particle 
surface altering the chemical and/or phase composition of the particles.[7]
Thermophoresis: Particles in a thermal gradient are bombarded more strongly by gas molecules on the hotter side and are therefore forced 
away from a heat source. Thus, heated surfaces tend to remain clean, while relatively cool surfaces tend to collect particles.[4] ….
Photophoresis: is similar to thermophoresis in that particle motion is caused by thermal gradients at the particle surface except that in this 
case the heating is caused by light absorption by the particle rather than by an external source …. Thus, in the former case the particle will be 
repelled from the light source, while in the latter.
SurfaceAreaMeter: The epiphaniometer exposes the aerosol to a radioactive gas that decays to radioactive metal atoms, which diffuse to the 
aerosol particles' surface. The gas is removed before detection, and the resulting radiation detected is indicative of the total particle surface 
area. Another approach uses short wavelength light to produce electron emission from the surface of the aerosol particles. The charge detected 
is a function of surface area and may also be specific for certain chemical species.[5]
Auger electron spectroscopy (AES) is a surface sensitive method for determination of the chemical composition of materials. This method 
requires an ultrahigh vacuum chamber and involves directing an electron beam at a sample which results in emission of electrons with energies 
that are characteristic of the elements in the sample. Depth profiling can be obtained in combination with sputtering for solid samples. This 
method is surface sensitive with a penetration depth of 0.5 to 2nm and can detect elements from Li through U with up to 0.3% sensitivity. 
Instruments with 100nm spatial resolution are available. Since even single particles can be examined, the amount of material required is very 
small.[8]
Bio. Reactivity: Although particle aerodynamic diameter dominates deposition within the respiratory tract, the subsequent effect on health is a
combination of physical particle characteristics and biological response. On deposition, the body may react to the chemical substances 
contained within the particle, interact with the particle surface, or be influenced by physical parameters such as size and morphology.[6]

Source: B.A.Baron & K.Willeke (2001). Aerosol Measurement Principles, Techniques and Applications, 2nd e.d; [1] p.35; [2] p.45-46; [3]
p.56-58; [4] p.79-; [5] p.123; [6] p.781; [7] p.936; [8] p.950;  /  [2] Horstman et al. (2003), transcript. [3] p.56-58;   /  [3] AKPF (2000), p.2.
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Surface (2/2)

Surface-Effects
Greater surface area per mass renders 

nanoparticles more .... 

• biologically active;
• surface area to total number of 

atoms increases exponentially!

e.g. exposure to 10µg/m3 

(EU threshold values: 50µg/m3)
• i.e. high number concentration
• w/ exorbitantly high surface area
(e.g. as in charcoal-filters!)

Intro Climate Effects ConclusionAerosol

Baron & Willeke, 2001

Oberdrster et al., 2005

The greater surface area per mass compared with larger-sized particles of the 
same chemistry renders nanoparticles more active biologically [1] .... Likewise, 
their increased surface area per unit mass can be toxicologically important if 
other characteristics such as surface chemistry and bulk chemistry are the same
.... The importance of surface area becomes evident when considering that 
surface atoms or molecules play a dominant role in determining bulk properties; 
the ratio of surface to total atoms or molecules increases exponentially with 
decreasing particle size [2] .... 
Even very low concentrations of nanosized materials in the air represent very 
high particle number concentrations .... Surface molecules increase exponentially 
when particle size decreases <100nm, reflecting the importance of surface area 
for increchemical and biologic activity of nanoparticles [3] .... 

Source: Oberdörster G., Oberdörster E., Oberdörster J. (2005). Nanotoxicology: An Emerging Discipline Evolving from 
Studies of Ultrafine Particles; Environmental Health Perspective Vol. 113, No.7: 823-839, [1] p.823; [2] p. 824; [3] p.825;
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Surface (3/3)

Surface-Effects
Greater surface area per mass renders 

nanoparticles more .... 

• biologically active;
• surface area to total number of 

atoms increases exponentially!

Surface area is a much better indicator 
than

• particle mass and even 
• particle number concentration …. 

However, particle number is required 
to determine surface area

Intro Climate Effects ConclusionAerosol

Baron & Willeke, 2001

Oberdrster et al., 2005

However, when the instilled dose was expressed as particle surface area, it 
became obvious that the neutrophil response in the lung for both ultra- fine and 
fine TiO2 fitted the same dose-response curve, suggesting that particle surface 
area for particles of different sizes but of the same chemistry, such as TiO2, is a 
better dosemetric than is particle mass or particle number concentration [1] .... 

Figure 4. Percentage of neutrophils in lung lavage of rats (A,B) and mice (C,D) 
as indicators of inflamma- tion 24hr after intratracheal instillation of different 
mass doses of 20-nm and 250-nm TiO2 particles in rats and mice. (A,C) The 
steeper dose response of nanosized TiO2 is obvious when the dose is expressed as 
mass. (B,D) The same dose response relationship as in (A,C) but with dose 
expressed as particle surface area; this indicates that particle surface area seems 
to be a more appropriate dosemetric for comparing effects of different-sized 
particles, provided they are of the same chemical structure (anatase TiO2 in this 
case). Data show mean +/-SD. 

Source: Oberdörster G., Oberdörster E., Oberdörster J. (2005). Nanotoxicology: An Emerging Discipline Evolving from 
Studies of Ultrafine Particles; Environmental Health Perspective Vol. 113, No.7: 823-839, [1] p.826;
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Effects
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Particles and the Human Respiratory System

The ideal gate for the penetration of air contaminants is the lung.  Because of its 
small size, Fine Particle Matter (<PM2.5) can be deposited deep into the lungs, 
where it can cause health problems and is known to alter lung functions [1].  NOX
and SO2 are also major sources of fine PM.  Recent studies have shown an 
association between PM and premature mortality from respiratory and 
cardiovascular disease, and increased incidence of respiratory illness, particularly 
in children and the elderly.  For adults with heart or lung conditions, exposure to 
fine PM can cause more illness and in some cases premature death.  More than 90 
%  of the particulates found in diesel exhaust are fine particles.

Source: [1] Ellenhorn (1996), CD-Rom
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Nano-
Particle 
Uptake & 
Expulsion 
(Clearance):

Oberdörster et al, 2004 & 2005;               Geiser et al., 2005

Pathways into & out of Organism

Intro Climate Aerosol ConclusionEffects

Organismic dispersal of inhaled nano-particles. The red pathways indicate 
alternative routes of entry.[1]

Red blood cell (RBC, erythrocyte) loaded with a 25 nm gold particle. [2]

Source: [1] supplemented by: Oberdörster G., Sharp Z., Atudorei V., Elder A., Gelein R., 
Kreyling W. Co, C.(2004). Translocation of Inhaled Ultrafine Particles to the Brain, 
Inhalation Toxicology,16: 6: 437- 445.  

Oberdörster G., Oberdörster E., OberdörsterJ. (2005). Nanotoxicology: An Emerging Discipline 
Evolving from Studies of Ultrafine Particles. Environmental Health Perspectives, Vol.113, 
No.7: 823-839.  

[2] Geiser M., Rothen-Rutishauser B.,Kapp N., Schürch S., Kreyling W., Schulz H., Semmler M., 
Hof V., Heyder J., Gehr P. (2005).Ultrafine Particles Cross Cellular Membranes by 
Nonphagocytic Mechanisms in Lungs and in Cultured Cells. Environmental Health
Perspectives Vol.113, No. 11: 1555-1560.
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Human Respiratory Tract:

Pons, 2005; Möller et al. 2007

Inhalation (1/6)

Intro Climate Aerosol ConclusionEffects

The human bronchial tree.  The tracheobronchial region (includes larynx, 
trachea, bronchi, bronchioles and terminal bronchioles) and the pulmonary 
region (espiratory bronchioles, alveolar ducts, alveoli).  Not shown is the 
naso-pharyngeal region (anterior nares to larynx). [1]

Scanning electron micrograph of the adult human lung showing alveolar duct 
with alveoli where gas exchange takes place.[2]

Source: [1] Möller W., Felten K., Sommerer K., Scheuch G., Meyer G., Häussinger K., Kreyling W.G. (2007). Prolonged 
retention of ultrafine carbon particles from the human airways and lung periphery. EAC, Salzburg – AT.  

[2] Pons G. (2005).  Il Polmone. Anatomia Microscopica. Allessandria – ITA.  Available online: 
http://www.mfn.unipmn.it/~pons/index_file/Page1171.htm
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Nano-Particle 
Deposition within the 
Human Respiratory 
Tract:

Oberdörster et al., 2005

Inhalation (2/6)

Intro Climate Aerosol ConclusionEffects

In each of the three regions of the respiratory tract, significant amounts of a 
certain size of nanoparticles (1-100nm) are deposited. For example, 90% of 
inhaled 1-nm particles are deposited in the nasopharyngeal compartment, only
approximately 10% in the tracheo- bronchial region, and essentially none in the
alveolar region. On the other hand, 5-nm particles show about equal deposition of 
approxi- mately 30% of the inhaled particles in all three regions; 20-nm particles
have the highest depo- sition efficiency in the alveolar region (~50%), whereas in 
tracheobronchial and naso- pharyngeal regions this particle size deposits with
approximately 15% efficiency [3] ....

Image: Predicted fractional deposition of inhaled particles in the nasopharyngeal, 
tracheobronchial, and alveolar region of the human respiratory tract during nose
breathing. Based on data from the International Commission on Radiological
Protection (1994).

Source: Oberdörster G., Oberdörster E., Oberdörster J. (2005). Nanotoxicology: An Emerging Discipline Evolving from 
Studies of Ultrafine Particles; Environmental Health Perspective Vol. 113, No.7: 823-839, [3] p.829;
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Nano-Particle 
Deposition within the 
Human Respiratory 
Tract:

Madl, 2003

Inhalation (3a/6)

Intro Climate Aerosol ConclusionEffects

secondary, 

older ETS

primary ETS

Pulmonary deposition.  The graph is a superposition of diffusion (decending right 
half of the curve) and impaction & sedimentation (ascending left half of the 
curve) processes.  Subimposed is a schematic view of the pulmonary domains, 
with the naso-pharyngeal and tracheo-bronchial pathway at the top and the 
brochiole and alveolar regime at the bottom, alongside the flow velocities of the 
in-/exhaled air. [1]

Deposition of hygroscopic particles.[2]

Source: [1] modified after Yip M. (2003) Exposure Assessment in a Busway Canyon.  MSc-thesis, Queensland University 
of Technology, Brisbane & Paris Lodron University of Salzburg.  http://aleph.sbg.ac.at/F/target=%27_blank%27
[2] Winkler-Heil R., Ferron G.A., Hofmann W., (2007). Modelling deposition of hygroscopic particles in the human 
respiratory tract., European Aerosol Conference 2007, Salzburg, Abstract T08A014.    
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Nano-Particle 
Deposition within the 
Human Respiratory 
Tract:

Winkler-Heil et al., 2007

Inhalation (3b/6)

Intro Climate Aerosol ConclusionEffects

Pulmonary deposition.  The graph is a superposition of diffusion (decending right 
half of the curve) and impaction & sedimentation (ascending left half of the 
curve) processes.  Subimposed is a schematic view of the pulmonary domains, 
with the naso-pharyngeal and tracheo-bronchial pathway at the top and the 
brochiole and alveolar regime at the bottom, alongside the flow velocities of the 
in-/exhaled air. [1]

Deposition of hygroscopic particles.[2]

Source: [1] modified after Yip M. (2003) Exposure Assessment in a Busway Canyon.  MSc-thesis, Queensland University 
of Technology, Brisbane & Paris Lodron University of Salzburg.  http://aleph.sbg.ac.at/F/target=%27_blank%27
[2] Winkler-Heil R., Ferron G.A., Hofmann W., (2007). Modelling deposition of hygroscopic particles in the human 
respiratory tract., European Aerosol Conference 2007, Salzburg, Abstract T08A014.    
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Inhalation (4/6)

Intro Climate Aerosol ConclusionEffects

Nairways = 2Generation

Nano-Particle 
Deposition within the 
Human Respiratory 
Tract:

Hofmann, 2009

Deposition in extrathoracic, tracheobronchial and alveolar (acinar) regions using 
the IDEAL-code.[1]

Source: [1] Hofmann W. (2009). Deposition and clearance of inhaled particles in the human lung. Basic Aerosol Science, 
Summerschool, University of Vienna – AUT.
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Nano-Particle 
Deposition within the 
Human Respiratory 
Tract:

• Nasal cavity reveals
inter-subject variability. 

•

Gray, 1918

Inhalation (5a/6)

Intro Climate Aerosol ConclusionEffects
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Structure and functions of our nose: The nasal cavity is divided into two nearly equal halves by 
the nasal septum. This division increases the surface area of the organ and improves the filtering 
efficiency. The lining of the nasal cavity (mucous membrane) secretes a sticky substance called 
mucus which traps dust particles and microorganism. Cilia sweep away trapped dust and 
microorganisms by their movements. Multiple hairs crisscross the nasal cavity and contribute to 
its filtering function. The bridge of the nose is formed by bones and cartilages. The two nasal 
bones meet in midline forming the body walls. The frontal processes of the maxillary bones also 
contribute to the bony framework. The sidewalls of the nasal cavity are irregular due to bony 
projections (turbinates-superior middle and inferior) and are part of the ethmoid bone - the 
inferior nasal concha is a separate bone. The space below the superior turbinate is called superior 
meatus, that below the middle turbinate is called the middle meatus and the one below the inferior 
is called the inferior meatus. The bones forming the nasal boundaries contain air filled spaces 
called sinuses (singular=sinus). The sinuses open into the nasal cavity on the side walls in 
between the turbinates. The roof of the nasal cavity is narrow. It is formed by the sphenoid bone , 
horizontal plate of the ethmoid bone which has perforations, frontal and nasal bones from behind 
forwards. The fibers of the olfactory nerve which carry the sense of smell traverse through the 
perforations in the ethmoid bone to reach the brain where the impulses are interpreted by the 
brain. This part of the brain is called the olfactory lobe. It is situated on the lower surface of the 
brain. The lining of the superior nasal concha and the upper part of the nasal septum contain 
specialized cells called olfactory cells which can detect smell. Stimulation of these cells generates 
electrical impulses which are carried by the olfactory nerve to the brain. .[1]
Nasal dimentions and particle deposition vary significantly among individuals.  Nasal airway 
dimensions measured by  K.H. Cheng et al. (1996) using MRI technique in 10 adults male were 
used in the current study to determine nasal and total deposition.  

Source: [1 Gray’s Anatomy of the Human Body (1918). 20th ed. Warren H. Lewis. Lea & Febiger, Philadelphia 
– USA. 
Tomographic pictures of nasal cross-sectional geometry by Montgomery et al. (1979)

http://nikas-culinaria.com/2006/07/03/molecular-gastronomy-101-biology-basics-part-1/
CT-scans: http://emedicine.medscape.com/article/875126-overview

Video: http://www.youtube.com/watch?v=Wh_7eP4iOwM
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Nano-Particle 
Deposition within the 
Human Respiratory 
Tract:

• Clearance via the
Olfactory System 

• Portal of entry for both 
nanoparticles & Viruses
(e.g. miningitis, herpes)

• exerting ROS-activity in
mitochondria (power-
house of the cell) 

• shortcutting the BBB;
takes <1hr!

Oberdörster et al, 2004 & 2005

Inhalation (5b/6)

Intro Climate Aerosol ConclusionEffects

with the nose being a very effective filter and deposition site for the smallest (<5 nm) NSP, and tracheobronchial and 
alveolar regions being mainly targeted by about 5 and 20 nm particles, respectively [7] …. Early studies (1940) concerned
a large series of studies with 30-nm polio virus intranasally instilled into chimpanzees and rhesus monkeys revealed that
the olfactory nerve and olfactory bulbs are, indeed, portals of entry to the CNS for intranasally instilled nanosized polio
virus particles, which could subsequently be recovered from the olfactory bulbs .... 50-nm gold particles even crossed 
synapses in the olfactory glomerulus to reach mitral cell dendrites within 1hr after intranasal instillation .... nanoparticles in 
the olfactory bulb were no longer freely distributed in the cytoplasm but were preferentially located in mitochondria
(excerting ROS-activity) [4] .... Neuronal transport of NSPs along sensory skin nerves is well established for herpes virus. 
After passing through the skin - especially broken skin - the viruses are transported retro- gradely along dendrites of 
sensory neurons to the dorsal root ganglion, where they remain dormant until a stress situation triggers anterograde
translocation along the dendrites back to the skin [5] .... It was estimated that ~20% of the deposited amount translocated to 
the olfactory bulb within 7 days after the exposure [6] .... Healthy stray mongrel dogs exposed daily to high levels of 
ambient air pollutants (PM10 , ozone, etc.) in Mexico City + a control city.  Persistent pulmonary inflammation and 
deteriorating olfactory and respiratory barriers was associated with the neuropathology observed in the brains of these
highly exposed dogs [2]:

•expression of nuclear neuronal NF-kB and iNOS in cortical endothelial cells occurred at ages 2 and 4 weeks; 

•subsequent damage included alterations of the blood–brain barrier (BBB), 

•degenerating cortical neurons, apoptotic glial white matter cells, deposition of apolipoprotein E (apoE)-positive lipid
droplets in smooth muscle cells and pericytes, 

•nonneuritic plaques, and neurofibrillary tangles. 

 Neurodegenerative disorders such as Alzheimer’s may begin early in life with air pollutants playing a crucial role.
Naso-pharyngeal region with the olfactory system.[1]

Source: [1] after Tortora G.J., Grabowski S.R. (1996). Principles of Anatomy and Physiology, 8th ed. Harper Collins, 
Menlo Park, CA – USA.  
Oberdörster G., Sharp Z., Atudorei V., Elder A., Gelein R., Kreyling W., Cox C. (2004). Translocation of Inhaled Ultrafine 
Particles to the Brain.  Inhalation Toxicology, Vol. 16, No. 6-7: 437-445.
[4] Oberdörster G., Oberdörster E., Oberdörster J. (2005). Nanotoxicology: An Emerging Discipline Evolving from 
Studies of Ultrafine Particles. Environmental Health Perspectives Vol. 113 (7): 823-839; [4] p.832; [5] p.835;
Supplemental Material available online (http://ehp.niehs.nih. gov/members/2005/7339/supplemental.pdf [6] p.18; [7] p.22;
[2] Calderón-Garcidueñas L., Azzarelli B., Acuna H., Garcia R., Gambling T.M., Osnaya N., Monroy S., Tizapantzi M.R., 
Villarreal A. Air Pollution and Brain Damage. Tox Path. 2002; 30:373-389.s
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Nano-Particle 
Deposition within the 
Human Respiratory 
Tract:

• Clearance via the
Broncial Tissue

McWilliam et al, 2000

Inhalation (6/6)

Intro Climate Aerosol ConclusionEffects

Schematic drawing of airway epithelial barrier with macrophages and dendritic
cells, exposed to a nano-particle.[1]

Source: [1] McWilliam A.S., Holt P.G., Gehr P. (2000) Dendritic cells as sentinels of immune surveillance in the 
airways. In: Particle-Lung Interaction. Lung Biology in Health and Disease, 143: 473-489.
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Nano-Particle 
Clearance within the 
Human Respiratory Tract:

Major Pathways:
• Olfactoric clearance;  Neuronal C.
• GIT-clearance; partial resorption via 

intestinal mucosa;
• Muco-cilliary Escalator clearance;
• Alveolar C.; Lymphatic C., Blood Circ. C.

Oberdörster et al., 2005

Clearance (1/4)

Intro Climate Aerosol ConclusionEffects

The retention half-time of solid particles in the alveolar region based on this
clearance mechanism is about 70 days in rats and up to 700 days in humans. The
efficacy of this clearance mechanism depends highly on the efficiency of alveolar 
macrophages to “sense” deposited particles, move to the site of their deposition, 
and then phagocytize them. This process of phagocytosis of deposited particles
takes place within a few hours, so by 6-12hr after deposition essentially all of the
particles are phagocytized by alveolar macrophages, to be cleared subsequently
by the slow alveolar clearance mentioned above. However, it appears that there
are significant particle- size-dependent differences in the cascade of events
leading to effective alveolar macrophage-mediated clearance. [3]
Jani et al. (1990) found a particle- sizeﾐdependent uptake of polystyrene particles
(ranging from 50 to 3,000nm) by the GI mucosa. This uptake (6.6% of the
adminis- tered 50nm, 5.8% of the 100nm nanoparticles, 0.8% of 1μm particles, 
and 0% for 3μm particles) [4]

Source: Oberdörster G., Oberdörster E., Oberdörster J. (2005). Nanotoxicology: An Emerging Discipline Evolving from 
Studies of Ultrafine Particles; Environmental Health Perspective Vol. 113, No.7: 823-839, [3] p.830; [4] p.834;
Supplemental Material available online (http://ehp.niehs.nih. gov/members/2005/7339/supplemental.pdf)
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Nano-Particle 
Clearance within the 
Human Respiratory Tract:

Bronchial Muco-Cilliary Escalator (BMCE) 
• pulmonary defense via mucus secretion and 

clearance (fast, cleared w/n 24hrs!);
• amount of mucus: b/w 10 & 100 mL per day 

(healthy individuals);
• BMCE operates in the tracheo-bronchial 

region, up to generation 12, fading out at 
generation 16;

Wkipedia, 2006

Video: 
Ryser et al., 2007

Clearance (2/4)

Intro Climate Aerosol ConclusionEffects

Nostril hair filters out larger particles.  Those over 5.0 m diameter are stopped and deposited mainly in the nose and the 
throat.  Smaller particles are stopped by mucous membranes that line the respiratory system and provide a surface to which 
the particles adhere.  Dust is separated to damp surfaces, the mucous layer is moved by fine cilia constantly in the direction 
of the throat and a warning system with sensitive chemical sensors ensures that various mechanisms, ranging from coughs 
to sneezing that the lung remains at all cost free of particulates.  
The sizes and shapes of air passages effectively block some of the other particle fraction between 0.5-5.0m in diameter[1]
by depositing them in bronchioles.  They usually do not reach beyond the air ducts or bronchi, and are soon removed by 
ciliary’s action[2].  
Most particles deposited in the bronchioles are removed by the cilia within two hours.  Indeed, the bronchi’s and 
bronchioles cilia wave back and forth and move mucous along in a current that carries trapped the smaller particle fraction 
out of the respiratory system to the throat, where they are swallowed or ejected as sputum.
Respiratory tract secretions consist of mucus, surfactant, and periciliary fluid. The airway surface fluid is present as a 
bilayer, with a superficial gel or mucous layer and a layer of periciliary fluid interposed between the mucous layer and the 
epithelium. A thin layer of surfactant separates the mucous and periciliary fluid layers. 
The mucous layer extends from the intermediate airway to the upper airway and is approximately 2-10 m thick in the 
trachea. Airway mucus is the secretory product of the goblet cells and the submucosal glands. 
Sputum consists of lower respiratory tract secretions, nasopharyngeal and oropharyngeal material (including saliva), 
microorganisms, deposited aerosols and cells. Mucus clearance such as cough is critically important for airway hygiene. 
Scanning electron microscope image of lung trachea epithelium. There are both ciliated and on-ciliated cells in this 
epithelium. Note the difference in size between the cilia and the microvilli (on non-ciliated cell surface)
BMCE constitutes a very fast clearance for solid particles which, in the tracheobronchial region, removes most of them
within 24 hours.  It operates most likely also for deposited ultrafine particles [3]

Source: http://de.wikipedia.org/wiki/Flimmerepithel
http://en.wikipedia.org/wiki/Cilia 
http://www.rcjournal.com/contents/07.02/07.02.0761.asp
[1] Stoker (1972), p.72.
[2] Stoker (1972), p.73.

Ryser M., Burn A., Wessel Th., Frenz M.,RičkaJ. 2007. Functional imaging of mucociliary phenomena - High-speed 
digital reflection contrast microscopy. Journal European Biophysics Journal. Vol.37 (1): 35-54. 
http://www.springerlink.com/content/054g726137870258/249_2007_Article_153_ESM.html
[3] Source: Oberdörster G., Oberdörster E., Oberdörster J. (2005). Nanotoxicology: An Emerging Discipline Evolving
from Studies of Ultrafine Particles - Supplemental WEB Sections; Environmental Health Perspective Vol. 113, No.7: 
http://ehp.niehs.nih.gov/members/ 2005/7339/supplemental.pdf, [3] p.6;
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Nano-Particle 
Clearance within the 
Human Respiratory Tract:

Lung Lavage

• Up to 80% of nano-particles remain trapped in the lung;

• cleared off via lymphatic or circulatory system and flushed 
throughout the organism;

• w/n 30 min after inhalation these particles are found in the 
interstitial region;

Oberdörster et al., 2005

Clearance (3/4)

Intro Climate Aerosol ConclusionEffects

Approximately 20% of nanosized 15-20-nm and 80-nm particles could be lavaged with the 
macrophages. In effect, approximately 80% of the UFPs were retained in the lavaged lung after 
exhaustive lavage, whereas approximately 20% of the larger particles >0.5μm remainedin the 
lavaged lung .... This indicates that NSPs either were in epithelial cells or had further translocated
to the interstitium .... This was also shown in studies with ultra- fine PTFE fumes: shortly after a 
15-min exposure, the fluorine-containing particles could be found in interstitial and submucosal
sites of the conducting airways as well as in the intersti- tium of the lung periphery close to the 
pleura. Such interstitial translocation represents a shift in target site away from the alveolar space 
to the intersti- tium, potentially causing direct particle-induced effects there .... Within 30min 
postexposure, they found large amounts of these 30-nm gold particles in platelets of pulmonary 
capillaries; the researchers suggested that this is an elimination pathway for inhaled particles that 
is significant for transporting the smallest air pollutant particles - in particular, particles of 
tobacco smoke - to distant organs. They also hypothesized that this might predispose to platelet 
aggregation with formation of microthrombi atheromatous plaques ....

Figure: In vivo retention of inhaled nanosized and larger particles in alveolar macrophages (A) 
and in exhaustively lavaged lungs (epithelial and interstitial retention; B) 24hr postexposure. The 
alveolar macrophage is the most important defense mechanism in the alveolar region for fine and 
coarse particles, yet inhaled singlet nanoparticles are not efficiently phagocytized by alveolar 
macrophages.

Source: Oberdörster G., Oberdörster E., Oberdörster J. (2005). Nanotoxicology: An Emerging Discipline Evolving from 
Studies of Ultrafine Particles; Environmental Health Perspective Vol. 113, No.7: p.830-831;
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Clearance (4/4)
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Nano-Particle 
Clearance within the 
Human Respiratory Tract:

• Clearance via
alveoli (PAM)
phagocytosis of
1-3µm particles;

• Clearance via
Caevolae
(<40nm in size!)

Donaldson et al, 1998; 
Geiser et al., 2005

Different forms of caveolae and cellular tight junctions function as translocation mechanisms across cell 
layers. Depending on particle surface chemistry, NSPs have been shown to transcytose across alveolar type I 
epithelial cells and capillary endothelial cells (Table 4), but not via cellular tight junctions in the healthy state 
(A). However, in a compromised or disease state (e.g., endotoxin exposure; B) translocation across widened 
tight junction occurs as well (Heckel et al. 2004). This indicates that assessing potential effects of NSPs in 
the compromised state is an important component of nanotoxicology. Adapted from Cohen et al. (2004) [3]
…. In the lung, during inspiratory expansion and expiratory contraction of the alveolar walls, caveolae with
openings around 40nm disappear and reappear, forming vesicles that are thought to function as transport
pathways across the cells for macromolecules [4] …. PAM-mediated removal from the lungs away towards 
other excretory organs.[1] Inlet: PAM loaded with 80 nm particle. [2]
The liver is the major distribution site via uptake by Kupffer cells, followed by the spleen as another organ of 
the reticulo- endothelial system, although coating with polyethylene glycol (PEG) almost completely
prevents hepatic and splenic localization so that other organs can be targeted .... Distribution to heart, kidney, 
and immune-modulating organs (spleen, bone marrow) has been reported. [4] …. Studies supporting the first
hypothesis show that an optimal particle size for phagocytosis by alveolar and other macrophages is between
1-3 μm, and that beyond these sizes phagocytosis rates become progressively slower .... t has been shown
that macrophages can sense nano-scale grooves down to a depth of 71 nm  under cell culture conditions .... 
Endocytosis is mediated via clathrin-coated pits or via caveolae, followed by transport of the virus particle
into the cytoplasm and ultimately into the nucleus, which has a 39 nm nuclear pore size [5]

Source: [1] Donaldson K. Li X.Y., MacNee W. (1998). Ultrafine (Nanometre) Particle Mediated Lung Injury. Journal of 
Aerosol Science, Vol. 29, No. 5-6: 553-556.
[2] Geiser M., Rothen-Rutishauser B.,Kapp N., Schürch S., Kreyling W., Schulz H., Semmler M., Hof V., Heyder J., Gehr
P. (2005).Ultrafine Particles Cross Cellular Membranes by Nonphagocytic Mechanisms in Lungs and in Cultured Cells. 
Environmental Health Perspectives Vol.113, No. 11: 1555-1560. 
[3] Gumbleton M. 2001. Caveolae as potential macromolecule trafficking compartments within alveolar epithelium. Adv 
Drug Deliv Rev 49:281-300.
[4] Oberdörster G., Oberdörster E., Oberdörster J. (2005). Nanotoxicology: An Emerging Discipline Evolving from 
Studies of Ultrafine Particles. Environmental Health Perspectives Vol. 113 (7): 823-839; p.831; [5] Supplemental WEB 
Sections; Environmental Health Perspective Vol. 113, No.7: http://ehp.niehs.nih.gov/members/ 
2005/7339/supplemental.pdf, [3] p.6;
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Biological Effects
Nano-Particle Solubility

• High S.: rapid assimilation - particularly in the alveolar region with local effects 
(irritation & inflammation); systemic responses over very short time periods.

• Low S.: gradual release low-soluble agents exert an extended response time; i.e.: 
adsorption of nitrogen oxides and sulfur dioxide onto particles can lead to health 
effects at levels normally considered safe. 

• Very low-S.: health effects associated with their physical characteristics; i.e.: lung 
overload associated with limitations in clearance mechanisms – regard particle 
shape-factor (fibrous aerosols).

Baron & Willeke, 2001

Intro Climate Aerosol ConclusionEffects

Used in (exposure during production, use, wear & tear, as well as disposal):
• cosmetics, sunscreens (TiO2), inhalation therapy, medications;
• electronics, fuel cells; coatings (lotus-leaf effect on glass);
• disposable filters;
• Nanotechnology in general, etc.

Biol. Reactivity: Although particle aerodynamic diameter dominates deposition within the respiratory tract, the subsequent 
effect on health is a combination of physical particle characteristics and biological response. On deposition, the body may 
react to the chemical substances contained within the particle, interact with the particle surface, or be influenced by 
physical parameters such as size and morphology.[1]
Highly soluble particles and droplets will be rapidly assimilated by the body, particularly in the alveolar region. Local 
effects, such as irritation and inflammation, and systemic responses may become manifest over very short time periods. 
The gradual release of agents from low-solubility particles will have a much longer response time. 
Low-solubility particles may also act as vectors for the transport of high-solubility solids, liquids, and gases present as 
thin surface layers, thus leading to a response not indicated by the bulk aerosol particle properties alone. For example, 
adsorption of nitrogen oxides and sulfur dioxide onto particles can lead to health effects at levels normally considered safe. 
Very low-solubility particles are more likely to have health effects associated with their physical characteristics. Lung 
overload phenomena are associated with the physical limitations of the lungs' clearance mechanisms as opposed to 
chemical interactions with the deposited particles (Morrow, 1994). Particle shape is a factor for fibrous aerosols …. It also 
influences available surface area, which may be related to toxicity through surface interactions (Lison et aI., 1997) or 
increased solubility. Where open agglomerates of particles exist, including those resulting from combustion (such as diesel 
exhaust particulates), metal processing, welding, or fine powder production, the aerosol may have a very high specific 
surface area and be formed from particles able to penetrate to the alveolar region.
In some fine powders, including ultrafine titanium dioxide, carbon blacks, and fumed silicas, specific surface areas in 
excess of 2·E5m2/kg [200m2/g] are achieved among particles with aerodynamic diameters less than 4m. In comparison, an 
aerosol of spherical particles 4m in diameter and with unit density would have a specific surface area of 1.5 x 103m2/kg 
[1.5m2/g]. There is evidence that for some low-solubility materials toxic response may be associated with surface area or 
even particle number (Oberdorster et al., 1994; Lison et al., 1997; Donaldson et al., 1998).
They are being used in personal-care products such as cosmetics and sunscreens and can therefore enter the environment on 
a continual basis from washing off of consumer products (Daughton and Ternes 1999). They are being used in electronics, 
tires, fuel cells, and many other products, and it is unknown whether some of these materials may leak out or be worn off 
over the period of use. They are also being used in disposable materials such as filters and electronics and may therefore
reach the environment through landfills and other methods of disposal [3] .... 

Source: B.A.Baron & K.Willeke (2001). Aerosol Measurement Principles, Techniques and Applications, 2nd e.d; [1]
p.781-782;
Oberdörster G., Oberdörster E., Oberdörster J. (2005). Nanotoxicology: An Emerging Discipline Evolving from Studies of 
Ultrafine Particles; Environmental Health Perspective Vol. 113, No.7: 823-839, [3] p.825;
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Immune System Conditioning (1v2)

Allergy

• UFP exposure 24 hours 
before allergen challenge 
significantly increase:
inflammatory cell 
infiltrate, 
IL-4, IL-5, & IL-13. 

• Effect observable even 4 
days before allergen 
challenge.

• Controls do not show this 
correlation.

Alessandrini et al, 2006

Intro Climate Aerosol ConclusionEffects

Method: The effects of ultrafine particle inhalation on allergic airway 
inflammation was analyzed in ovalbumin-sensitized mice and nonsensitized 
controls. Particle exposure (526 μg/m3, 24 hours) was performed 24, 96, or 168 
hours before or 24 or 72 hours after ovalbumin aerosol challenge. Allergic 
inflammation was analyzed at different time points after allergen challenge by 
means of bronchoalveolar lavage cell count and cytokine/total protein assays, 
lung histology, and airway hyperresponsiveness. 
Results: In sensitized mice, inhalation of ultrafine particles 24 hours before 
allergen challenge caused a significant increase of bronchoalveolar lavage 
inflammatory cell infiltrate, protein, IL-4, IL-5, and IL-13 compared with relevant 
controls. These adjuvant effects were dose- and time-dependent and were still 
present when particle exposure was performed 4 days before allergen challenge. 
The adjuvant effect of ultrafine particles was also documented by increased 
mucus production, peribronchiolar and perivascular inflammation, and enhanced 
airway hyperresponsiveness. In contrast, particle exposure in sensitized mice after 
allergen challenge caused only moderate effects, such as a delay of inflammatory 
infiltrate and a reduction of cytokines in bronchoalveolar lavage fluid. 
Conclusion: Exposure to ultrafine carbon particles before allergen challenge
exerts strong adjuvant effects on the manifestation of allergic airway 
inflammation. Allergen-sensitized individuals may therefore be more susceptible 
to detrimental health effects of ultrafine particles. 

Source: Alessandirni F., Schulz H., Takenaka S., Lentner B., Karg E., Behrendt H., Jakob T. (2006): Effects if ultrafine 
carbon particle inhalation on allergic inflammation of the lung. J.Allergy Clin. Immunology; 117:824-830.
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Immune System Conditioning (2v2)

Allergy

• PAH significantly 
enhances basophil 
activation of birch pollen 
allergic individuals up to 
95%. 

• Single PAHs significantly 
boost IL-8 secretion from 
sensitized basophils.

• None of the basophil 
samples from healthy 
controls showed any PAH 
effect on mediator release.

Lubitz et al, 2009

Intro Climate Aerosol ConclusionEffects

• Diesel exhaust particles (DEPs) contribute to the increased prevalence and 
morbidity of asthma and allergic rhinitis. PAHs are major components of DEPs. 

Basophil granulocytes, sometimes referred to as basophils, are the least common of the 
granulocytes, representing about 0.01% to 0.3% of circulating white blood cells.

Diesel exhaust particles (DEPs) act as adjuvants in the immune system and contribute to the 
increased prevalence and morbidity of asthma and allergic rhinitis. Polycyclic aromatic 
hydrocarbons (PAHs) are major components of DEPs, which may be involved in the induction and 
enhancement of proallergic processes.
Method: Heparinized blood samples from birch pollen allergic and control donors were 
stimulated with Bet v 1, the major allergen of birch pollen grains, alone or together with a mixture 
of 16 environmental prominent PAHs (EPA-PAH standard). Flow cytometric analysis was 
performed for quantitative determination of PAH-enhanced basophil activation. To assess direct 
PAH effects on basophils, enriched cultures from both donor groups were exposed to 
benzo[a]pyrene (B[a]P) or phenanthrene (Phe), two major DEP-PAHs, with and without allergen. 
Supernatants were assayed for IL-4 and IL-8 secretion and histamine release by means of ELISA. 
Results: At environmental relevant exposure levels EPA-PAH standard synergized with antigen 
and significantly enhanced basophil activation of all birch pollen allergic individuals up to 95%. 
Single PAHs significantly drove IL-8 secretion from sensitized basophils of all patients tested, and 
there was no further enhancement by addition of rBet v 1. B[a]P and Phe also significantly 
induced IL-4 secretion, a key factor for Th2 development, from purified sensitized basophils in the 
absence of antigen suggesting an adjuvant role of DEP-PAHs in allergic sensitization. None of the 
basophil samples from healthy controls showed any PAH effect on mediator release.
Conclusion: DEP-PAHs exert proallergic effects on sensitized basophils in an allergen 
independent fashion, suggesting a potential role of these pollutants for the allergic breakthrough in 
atopic individuals, who have not developed an allergic disease yet. 

Source: Lubitz S., Schober W., Pusch G., Effner R., Klopp N., Behrendt H., Buters J.T.M. (2009). 
Polycyclic Aromatic Hydrocarbons from Diesel Emissions Exert Proallergic Effects in Birch 
Pollen Allergic Individuals Through Enhanced Mediator Release from Basophils.  
EnvironmentalToxicology, Vol.25 (2): 188-197.
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Phagocytosis of nano-particles produces intracellular ROS (reactive oxygen species); 

Source: Oberdörster et al, 2005

Toxicology cont’d (2/5)

Intro Climate Aerosol ConclusionEffects

ROS production has been found in particles as diverse as C60 fullerenes, single-walled
nanotubes, quantum dots, and nanosized particles, especially under concomitant exposure
to light, UV, or transition metals .... Because mitochondria are redox active organelles, 
there is a likelihood of altering ROS production and thereby overloading or interfering
with antioxidant defenses .... 
The diagram shows some of the antioxidant defense systems that occur in animals, and 
possible areas where nanoparticles may create oxyradicals .... [1]
suggested mechanisms include 
a) photo excitation of fullerenes and single-walled nanotubes, causing intersystem
crossing to create free electrons; 
b) metabolism of NPs to create redox active intermediates, especially if metabolism is via 
cytochrome P450s; and 
c) inflammation responses in vivo 

Image: Nanoparticles have been shown to release oxyradicals [pictured here is the
mechanism of C60 as determined by Yamakoshi et al. (2003)], which can interact with the
antioxidant defense system. Abbreviations: GPx, glutathione peroxidase; GSH, reduced
glutathione; GSSG, oxidized glutathione; ISC, intersystem crossing; R, any organic
molecule; SOD, superoxide dismutase. In addition to fullerenes, metals such as cadmium, 
iron, or nickel quantum dots, or iron from single-walled nanotube manufacturing, could
also act in Fenton-type reactions. Phase II biotransformation, ascorbic acid, vitamin E, 
beta carotene, and other interactions are not shown. 

Source: Oberdörster G., Oberdörster E., Oberdörster J. (2005). Nanotoxicology: An Emerging Discipline Evolving from 
Studies of Ultrafine Particles; Environmental Health Perspective Vol. 113, No.7: 823-839, [1] p.827-828;
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Phagocytosis of nano-
particles produces 
intracellular ROS
(reactive oxygen 
species); 

ROS interferes with:
• metabolic equilibrium
• protein synthesis
• DNA activity
• lipid peroxidation
• cell-cycle

Limbach et al, 2005

Toxicology cont’d (3/5)

Intro Climate Aerosol ConclusionEffects

Fibroblast: Fusiform cell with cytoplasm that is usually indistinguishable from 
the surrounding matrix; tapering processes are present but are difficult to 
visualize in most sections; some very active cells have basophilic cytoplasm; has 
elliptical nucleus, sometimes slightly folded, with sparse chromatin that presents 
a "speckled" appearance (may be mistaken for plasma cell); has one to two 
nucleoli; makes fibers and ground substance;

Source: Limbach LK, Li Y, Grass RN, Brunner TJ, Hintermann MA, Muller M, Gunther D, Stark WJ, Environ. Oxide 
Nanoparticle Uptake in Human Lung Fibroblasts: Effects of Particle Size, Agglomeration, and Diffusion at Low 
Concentrations; Sci. Technol. 2005
Brunner T.J., Wick P., Manser P., Spohn P., Grass R.N., Limbach L.K., Bruinink A., Stark W.J., In Vitro Cytotoxicity of 
Oxide Nanoparticles: Comparison to Asbestos, Silica, and the Effect of Particle Solubility; Environ. Sci. Technol., 40 (14), 
4374-81, 2006. 
fibroblast: http://medinfo.ufl.edu/year1/histo/glossary.html#mesothelial_cell
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Toxicology cont’d (4/5)

Phagocytosis of 
nanoparticles has:

• Longterm effects ….

• Acute effects ….

Limbach et al, 2005

…. 
mutagenicity (mutations of DNA-sequences) 
teratogenicity (deformations of cells) 

….
necrosis (traumatic cell death)
apoptosis (accelerating programmed cell death) 

Intro Climate Aerosol ConclusionEffects

20-50 nm particles

Exposure of human lung fibroblast cells to ceria nanoparticles of 20-50 nm in diameter results in 
the uptake of agglomerates.  

(A) Vesicles inside a fibroblast cell with ceria agglomerates. The high atomic mass of ceria and 
resulting contrast make the particles  visible as dark spots. 

(B) A series of nanoparticle agglomerates close to the cell membrane. 
(C) Nanoparticles both inside the cell (vesicle)  and outside are exclusively found in the form of 

agglomerates, confirming the dominant role of agglomeration. All bar sizes are 1.5 microm.

Source: Limbach LK, Li Y, Grass RN, Brunner TJ, Hintermann MA, Muller M, Gunther D, Stark WJ, Environ. Oxide 
Nanoparticle Uptake in Human Lung Fibroblasts: Effects of Particle Size, Agglomeration, and Diffusion 
at Low Concentrations; Sci. Technol. 2005
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Toxicology cont’d (5/5)

Phagocytosis of 
nanoparticles has:

• Longterm effects ….

• Acute effects ….

Kanduc et al, 2002

Intro Climate Aerosol ConclusionEffects

Cell death can occur by either of two distinct mechanisms – necrosis or 
apoptosis. In addition, certain chemical compounds are said to be cytotoxic
to the cell – i.e., to cause its death: 

• Necrosis (“accidental” cell death) – pathological process which occurs when 
cells are exposed to severe physical or chemical attack.

• Apoptosis (“programmed” cell death) – physiological process by which 
unwanted or unused cells are eliminated during development and other 
normal biological processes.

In either event, macrophages and other intact cells try to dispose of the remains 
by phagocytosis.

Necrosis: 
i) tissue damage 
i) due to trauma or other environmental factor impairing the structural integrity
i) intracellular contents released
i) thus may elicit local damage or inflammatory response
Apoptosis: programmed cell death (akin to suicide)
i) fragmentation of cell compartments
i) does not cause peripheral damage
i) regulated
i) failure to apoptose may result in tumor formation

Source: Wilde et al., 1999
KANDUC, MITTELMAN, SERPICO, SINIGAGLIA, SINHA, NATALE, SANTACROCE, DI CORCIA, LUCCHESE, DINI, 
PANI, SANTACROCE, SIMONE, BUCCI and FARBE; 2002; Cell death: Apoptosis versus necrosis (Review)




























