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Foreword

In 2003, the World Meteorological Organization (WMO) and the International
Union for Geodesy and Geophysics (IUGGQG) agreed to conduct jointly a scien-
tific review of the current state of knowledge on the impacts of acrosol pollution
on rain, snow and hail. The review is concerned with a critical societal resource:
water. Problems are frequently encountered in relation to too little water,
such as those caused by droughts, or to too much water causing flooding and
landslides. Under a changing climate and a growing global population, the
availability of enough water to sustain life ranks amongst the highest priorities
in many communities, especially in developing countries. Considerable evi-
dence was presented in the recent Intergovernmental Panel for Climate Change
(IPCC) Fourth Assessment Report in the sense that pollution aerosols can
affect climate by altering the Earth’s energy budget. These aerosols do so by
absorbing or reflecting radiation in clear skies or by affecting clouds that in turn
interact with solar and terrestrial radiation. However, less well understood are
the effects of aerosols on precipitation in the form of rain, snow and hail.

Atmospheric suspended particulate matter, commonly known as aerosols,
can originate from many types of human activity in the form of wind-blown
sand and dust, biomass-burning particles and smog particles from fossil fuel
combustion and industrial activities. The hydrological cycle is potentially very
vulnerable to changes in climate and to associated changes in aerosol pollution,
so a key question would be: How far have we progressed in quantifying the
impacts on the amount of water reaching the ground from the atmosphere and
its temporal or spatial distributions? It has been noted that even relatively small
changes in the spatial distribution of rain might cause significant shortages in
one country and abundance or even flooding in another.

WMO and the TUGG opportunely requested a review of the state of
scientific knowledge on this subject as well as recommendations on the issues
to be studied in order to advance the decision-making capabilities of those
responsible for managing water supply problems. A group of experts under
the leadership of Professors Zev Levin and William Cotton produced an assess-
ment of the subject that was subsequently reviewed independently by a team of
scientists led by Dr. George Isaac. The late Professor Peter Hobbs is also
acknowledged for beginning this initiative. WMO and ITUGG wish to thank

Xi



xii Foreword

all those who volunteered their time and efforts to contribute to this scientific
review, which sets a benchmark in our current understanding of this complex
phenomenon and provides a valuable introduction to the subject for the next
generation of scientists. The review also makes specific recommendations for
collective international actions that can be deemed essential in advancing our
knowledge in this critical field.

A number of internationally coordinated projects have been proposed
that, if carefully designed and implemented, could considerably contribute to
unraveling the complex interactions occurring among aerosols, clouds and
precipitation. It has been suggested that WMO and IUGG should take the
lead in such projects, together with other organizations of the UN System. This
is indeed a challenge that our respective organizations are particularly suited to
address and one that they would be prepared to consider.

In this respect, WMO has a long history in organizing research assessments
like the IPCC which it co-sponsors with UNEP and others that have led to
highly successful environmental conventions, such as the Vienna Convention
on the Protection of the Ozone Layer, and has also contributed to the global
coordination of atmospheric and marine observations. Moreover, WMO has
coordinated the international provision of weather and climate warnings for
over a century. IUGG complements these capabilities with a broad programme
of research in Earth systems undertaken by a global community organized
under its scientific associations, two of which, the International Association
of Meteorology and Atmospheric Science (IAMAS) and the International
Association of Hydrological Sciences (IAHS), are particularly involved in
these issues. It is therefore our sincere wish that the full strength of early 21%
Century science and technology can be focused on international projects to
enhance our understanding of aerosol impacts on precipitation and thereby
contribute to reduce the societal impacts of hydrometeorological disasters.

(M. Jarraud) (T. Beer)
Secretary-General President
World Meteorological Organization International Union of

Geodesy and Geophysics



Preface

Clouds are known to play a major role in climate through their direct interac-
tions with solar radiation. In addition, precipitation from clouds is the over-
whelmingly most important mechanism that replenishes ground water and
completes the hydrological cycle. Changes in either the amounts and/or the
spatial and temporal distribution of precipitation will have dramatic impacts on
climate and on society. Increases or decreases in rainfall in one region could
affect rainfall downwind. Similarly, changes in rainfall distribution will strongly
affect semi-arid regions that are of dire need of water.

One of the factors that could contribute to cloud and precipitation modifica-
tion is aerosol pollution from various sources such as urban air pollution and
biomass burning. In 2003, the WMO and the IUGG recognized the potential
danger from such effects and passed resolutions aimed at focusing attention to
this issue. As a follow-up to this resolution, the WMO and IUGG formed an
international forum composed of a number of experts to review the state of the
science and to identify areas that need further study.

Prof. Peter Hobbs from the University of Washington in Seattle was
appointed as the chairman of this forum. Unfortunately, Prof. Hobbs passed
away in mid-2005 and the responsibility for the report was transferred to Prof.
Zev Levin (Chairman) and William Cotton (Co-chairman). The organization of
this report reflects in a large part, the layout that was set up by Prof. Hobbs.

Dr. George Isaac from Environment Canada, the lead reviewer of this
document, was responsible for the review process and the selection of the review
panel. We would like to acknowledge the very important contributions to this
document made by George and his team.

In 2006, just after the first version of the report was completed, Dr. Yoram
Kaufman, the lead author of Chapter 5, died in a tragic traffic accident. We are
thankful to Dr. Didier Tanré¢ for agreeing to step into Yoram’s big shoes and
help us complete this report. During the preparation of the final draft of this
report in 2006, Dr. Brian Ryan, one of the reviewers, died suddenly from a
stroke. We all appreciate Brian’s contributions to the report and his death is a
great loss.

Since the report is aimed to both the general public and to experts in the field,
we took upon ourselves to include chapters that discuss in detail the scientific

Xiil



Xiv Preface

background and the most recent findings in this field. Each chapter was written
by a number of people under the leadership of the lead author. Since the
contributors to each chapter were numerous, we listed them at the beginning
of the report. It should be noted that some of the contributors provided input
to more than one chapter. We would like to thank all of them for their
contribution.

Zev Levin William R. Cotton
Tel Aviv, Israel Fort Collins, Colorodo, USA



Executive Summary

The WMO and IUGG resolutions handed a mandate to IAPSAG to review the
effects of aerosol pollution, including biomass burning, on precipitation. The initial
setup and framework of IAPSAG were illustrated by List (2004). This docu-
ment is a review of our knowledge of the relationship between aerosols and
precipitation reaching the Earth’s surface and it includes a list of recommenda-
tions that could help to advance our knowledge in this area.

Background

Life on Earth is critically dependent upon the continuous cycling of water
between oceans, continents and the atmosphere. The atmospheric component
of this cycle involves surface water moving into the atmosphere via wind-driven
evaporation and biosphere-modulated evapotranspiration followed by trans-
port and dispersion, multiple cycles of cloud formation/evaporation and ulti-
mately removal as precipitation (rain or snow), fog water deposition or dew
formation.

Precipitation (including rain, snow and hail) is the primary mechanism for
transporting water from the atmosphere back to the Earth’s surface. It is also
the key physical process that links aspects of climate, weather, and the global
hydrological cycle. Although precipitation is the parameter that has the most
direct and significant influence on the quality of human lives in terms of the
availability of water, the changes in temperature, past and future, have received
the bulk of the public’s attention regarding global climate change. Precipitation
is a more difficult component of the climate to assess because it is much more
variable (locally, seasonally, and possibly long-term) than temperature. It is
affected primarily by atmospheric dynamics; however, it is also influenced by
cloud microphysical processes associated with aerosol properties, which are
primarily responsible for cloud drop and ice crystal formation. Changes in
precipitation regimes and the frequency of extreme weather events, such as
floods, droughts, severe ice/snow storms, monsoon fluctuations and hurricanes
are of great potential importance to life on the planet. Thus, by influencing the
hydrological cycle, natural and anthropogenic changes in atmospheric aerosols

XV



Xvi Executive Summary

might have important implications for precipitation, which in turn could feed
back to climate changes.

Aim

The main goal of this document is to review what is known about the relation-
ship between aerosols and precipitation reaching the Earth’s surface and to
suggest ways to advance this knowledge.

An overview of the report

From an Earth Science perspective, a key question is how changes expected in
climate will translate into changes in the hydrological cycle, and what trends
may be expected in the future. With changes in climate, there will be changes in
the atmospheric aerosol, whether from natural sources because of changes in
winds or other atmospheric conditions, or from anthropogenic sources due
to changes in activities as a response to climate change. The hydrological
cycle is driven by a multiplicity of complex processes and interactions, many
of which are inadequately understood and poorly represented in weather and
climate models. We require a much better understanding and hence predictive
capability of the moisture and energy storages and exchanges between the
Earth’s atmosphere, oceans, continents and biological systems, over a wide
range of space scales from local to regional to hemispheric to global, and on
time scales from hours to decades. These elements are discussed in the Intro-
duction chapter.

To set the stage for the discussion on aerosols and clouds, we briefly
summarize the complex interactions between aerosols and clouds and the
mechanisms that lead to precipitation formation. This is outlined in Chapter 2.

Chapters 3 and 4 discuss the nature and the global, temporal and spatial
distributions of aerosols, followed in Chapter 5 by a review of the measurement
methods and instrumentation used to quantify precipitation.

In Chapters 6 and 7 we discuss the observations and model simulations of
the effects of pollution aerosols on precipitation and identify some of the
difficulties in estimating these effects. Finally Chapter 8 illuminates some of
the parallels between the effects of pollution on precipitation and the attempts
to artificially modify precipitation through cloud seeding.

Summary

From this report it is clear that aerosol-pollution affects the amount, and the
spatial and temporal distribution of clouds, in general agreement with our physi-
cal understanding of cloud processes. However, much uncertainty remains regard-
ing these processes. Moreover, because of the complex interactions between
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environmental meteorological parameters, acrosols, cloud microphysics and
dynamics, clear causal relationships between aerosols and precipitation are
difficult to identify and moreover, even the sign of the precipitation changes
by aerosols are hard to determine in a climatological sense. Based on many
observations and model simulations, the effects of aerosols on individual clouds
(particularly in ice-free clouds) are more clearly understood than are the effects
on precipitation.

Processes of Aerosol Effects on Precipitation

Atmospheric aerosols are highly variable in space and time. A subset of atmo-
spheric aerosols is responsible for the formation of drops (cloud condensation
nuclei) and ice crystals (ice nuclei). The initial sizes and concentrations of these
hydrometeors determine the efficiency with which precipitation will initially
form. A subset of the cloud condensation nuclei population, called giant cloud
condensation nuclei and/or ultragiant aerosol particles, have been observed to
produce large drops that serve as embryos for initiating coalescence growth and
accelerate precipitation development. Modeling studies suggest their impor-
tance increases with increasing pollution. There is a point of diminishing
returns, however, since modeled precipitation amounts tend to decrease steadily
with increasing pollution (all else being equal) and the absolute potential
increase in rainfall is small.

Ice nuclei are a smaller subset of atmospheric aerosols than cloud condensa-
tion nuclei, however, their role in precipitation formation in certain clouds is
critical. This is because ice crystals grow fast to precipitation size embryos, due
to their saturation vapour pressure being lower than water. The low concentra-
tions of ice nuclei and the number of different physical mechanisms (see
Chapters 2 and 6) that they can take to form ice in clouds makes it difficult
for them to be measured. One would expect a high correlation between the
concentrations of ice crystal and ice nuclei. However, measurements suggest
that in many clouds the concentrations of ice crystals exceed that of the ice
nuclei by several orders of magnitude. Many more studies are required in
laboratories and in different field environments using recent improvements in
measuring techniques .

Modifying the rate of growth of precipitating particles will likely affect the
dynamics of the clouds, thus modifying the depth, size, lifetime and propaga-
tion of clouds or cloud systems. In fact modeling studies suggest that in deep
convective clouds pollution not only affects cloud and precipitation develop-
ment by ingesting aerosols into initial or primary cells, but also through the
formation of secondary cells and cold-pool dynamics in a very nonlinear way,
and often many hours after initial convective cell formation.

Larger concentrations of cloud condensation nuclei (CCN) produce larger
concentrations of smaller cloud drops that are slower to grow into raindrops.
There are reports that show that reduction of cloud drop size also delays the
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formation of ice, which then forms at higher altitudes and lower temperatures.
This may lead to suppression of precipitation in shallow and short-lived clouds,
such as those that form during winter over topographical barriers. On the other
hand, modeling and observational studies indicate that when deep convective
clouds are prevalent, the delay in precipitation can lead to greater amounts
of supercooled water being transported aloft and that once it freezes it can
invigorate the storm dynamics. In some environments the invigoration of the
convective storm updrafts can lead to enhancement of surface precipitation,
while in other environments reduced precipitation can result.

The Evidence for Aerosol Effects on Precipitation

Orographic clouds form when moist air is lifted over mountain barriers. This
orographic lifting greatly amplifies precipitation over that which occurs for the
prevailing weather systems over flat terrain. For many parts of the world
orographic precipitation is the dominate water resource. Both observational
and modeling studies suggest that orographic clouds are highly susceptible to
modification of precipitation by pollution owing to the modest liquid water
contents in them, the relatively short time the drops and ice crystals spend in the
clouds and their large areal coverage. Some observational studies suggest that
aerosol pollution may decrease orographic precipitation as much as 30%
annually. In spite of many remaining uncertainties, this potential effect has
major ramifications in watersheds, where orographic precipitation is the major
water resource.

Global climate model (GCM) estimates of the change in global mean
precipitation over the last 100 years due to the total aerosol effects (direct and
indirect) vary between no change to —4.5%. A large contributor to this varia-
bility is the different methods of representing clouds and aerosol effects in the
different models. The differences among models are larger over land, ranging
from —1.5 to —8.5%. Recent coupled ocean mixed layer GCM simulations show
that the cooling due to the direct and indirect effects by aerosols reduce
surface latent and sensible heat transfer and, as a consequence, act to reduce
surface evaporation and evapotranspiration. The concomitant reduction in
atmospheric water vapour (a greenhouse gas) acts to counter greenhouse gas
warming. On the other hand, a reduction in precipitation due to an increase in
aerosol pollution leads to longer-lived clouds and more water vapour in the
atmosphere. Thus, the potential influence of aerosols on climate could be far
more significant than previously thought. Estimates of the consequences of
coupled greenhouse gas warming and aerosol cooling in the future depend on
uncertain estimates of future pollution emissions and greenhouse gas releases
into the atmosphere, as well as the uncertainties associated with the parameter-
izations of cloud-aerosol interactions in GCMs.

The complexity of aerosol-precipitation interactions is highlighted in urban
environments, where field measurements of the effects of urban pollution on
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precipitation from convective clouds downwind of cities such as St Louis, New
York and Houston have failed to link the changes in precipitation to increases
in aerosol pollution. Modeling studies suggest that urban land-use effects
dominate over aerosol pollution on controlling the locations and amounts of
precipitation. The importance of pollution aerosols to precipitation in urban
regions depends on the unique properties of the meteorology of the urban
environment, its interaction with rural physiography and urban land-use, and
on the background aerosol concentrations and chemical properties.

It has also been shown that strongly absorbing pollution particles (e.g. black
carbon) may reduce convection due to warming of the atmosphere, and reduc-
tion in surface fluxes of heat and moisture. This may result in shallower clouds,
and in some cases, no clouds at all.

Recommendations

e That a series of international projects targeted toward unraveling the
complex interactions among aerosols, clouds, and precipitation be imple-
mented. A series of international workshops and field studies are needed to
address the impacts on clouds and precipitation of aerosols from a range of
sources including biomass burning, dust, and industrial pollution within
different regional weather regimes in the tropics, middle latitudes, and the
polar regions. All of these studies need to have an adequate scientific
component, but should also deal with specific situations occurring in the
developing world by addressing the impact of pollution/precipitation on
economic, sociological, environmental and health issues.

e That the WMO/IUGG take the lead in such projects together with other UN
and International Organizations. Some of those projects could be sponsored
and financially supported by the countries involved. For example, the effects
of an evolving industrial economy, such as China, on precipitation should
be studied. Similarly, a study of the effects of biomass burning and dust in
some of the African regions would be highly valuable for our understanding
of these complex issues.

It is also proposed to consider a project in a country where the relation-
ship between pollution and precipitation can be explored with a large array
of state-of-the-art scientific instrumentation.

e Since ice formation in clouds is not yet fully understood, it is recommended
that further laboratory studies and in situ measurements be conducted to
clarify the nucleation mechanisms.

A workshop should be held on developing improved instrumentation for
measuring ice nuclei (IN), small ice particles and precipitation.

e There is a special need for more in situ measurements to follow and link
physical processes leading from aerosol effects on cloud growth and
precipitation.
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Because both observational and modeling studies suggest that orographic
clouds are highly susceptible to precipitation modification due to pollution
aerosols, and because the ramifications on water resources are large, it is
recommended that focused, coordinated observational and modeling cam-
paigns are implemented to study aerosol precipitation interactions for
selected watersheds where pollution effects are likely to be large. Examples
include the planned Convective and Orographically induced Precipitation
Study (COPS) experiment in Germany in 2007, SUPERCIP in the Sierra
Nevada of California and the Colorado River Basin in the western U.S. It is
recommended that similar studies be conducted in regions such as China and
India, where the effects of mega-cities on precipitation could be evaluated.
These studies should be basin-wide and include ground-based, airborne, and
satellite measurements of aerosol properties, in situ microphysics measure-
ments, surface and radar (particularly cloud radar) measurements of cloud
structures and precipitation, basin-wide hydrological measurements of
liquid precipitation, snowpack and runoff etc.

A workshop should be held to determine a strategy for a focused, coordi-
nated observational and modeling campaign to address the effects that
aerosols have on orographic clouds.

Because cloud-resolving models suggest a significant dynamic response to
pollution aerosols, which then modifies simulated precipitation, particularly
through secondary dynamic responses of clouds via cold pools and gravity
waves, it is recommended that a coordinated observational and modeling
campaign be organized to investigate the response of cloud systems to
varying amounts and characteristics of pollution. These studies should
include ground-based, airborne, and satellite measurements of aerosol
properties, surface meteorological measurements, ground-based multiple
Doppler radars and airborne Doppler radars. These campaigns should be
conducted in regions of significant biomass burning or urban pollution
sources, and in other locations where the meteorology varies such that
different cloud responses can be expected.

Because of the indications of strong influences of urban land-use and aerosol
pollution on precipitation and lightning, it is recommended that a coordi-
nated modeling and observational campaign be established in a number of
large metropolitan regions where convection is prevalent. Crucial to site
selection is the importance of finding locations where the local physiography
(i.e. topography, land-water interfaces) is relatively simple and where
generally widespread aerosol pollution is minimal. Attention should in
particular be paid to surface measurements of fluxes and land-use properties.
It is recommended that cloud-resolving model intercomparison studies
be implemented for models that explicitly represent aerosol-cloud-precipita-
tion interactions. Such studies should serve as a stimulus for model refine-
ment research and evaluations of model performance. These should be
done for a variety of regimes including warm and cold-season orographic
cloud models, shallow convection and deep convection, and stratiform cloud
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systems. These studies could be linked to some of the campaigns suggested
above or to other research campaigns where implementation of an aerosol
component could be accomplished easily and economically.

e [t is recommended that existing and new statistical methods be applied to
current and future data sets to distinguish aerosol effects on precipitation
from meteorological influences. Numerical models should play an important
role in this process.

e [t is urged that aerosol-cloud-precipitation specialists collaborate with
global climate model (GCM), developers to refine the representation
(parameterization) of aerosol-cloud-precipitation processes in GCMs.

e There is a strong need to assemble data sets or climatologies that can be used
for the assessment of climate simulations with GCMs, including aerosol-
cloud-precipitation parameterizations. Some of the parameters that need
evaluation include seasonal and annual precipitation amounts, regional
precipitation climatologies, global and regional aerosol distributions, and
top of atmosphere (TOA) radiation budgets.



Chapter 1
Introduction

Leonard A. Barrie, Ulrike Lohmann and Sandra Yuter

1.1 The Hydrological Cycle

Life on Earth is critically dependent upon the continuous cycling of water
between the oceans, the continents and the atmosphere. The hydrological
cycle depicted as a cartoon in Fig. 1.1 is dynamic and complex. The atmospheric
component of this cycle involves surface water moving into the atmosphere
via wind-driven evaporation and biosphere-modulated evapo/transpiration
followed by transport and dispersion, multiple cycles of cloud formation/
evaporation, and ultimately removal as precipitation (rain or snow) or by fog
water deposition or dew formation.

Precipitation (including rain, snow, and hail) is the primary mechanism for
transporting water from the atmosphere back to the Earth’s surface. It is also
the key physical process that links aspects of climate, weather, and the global
hydrological cycle. Moreover, precipitation is the parameter that has the most
direct and significant influence on the quality of human life through of the
availability of fresh water.

Changes in precipitation regimes and the frequency of extreme hydrologic
events, such as floods, droughts, severe ice/snow storms, monsoon fluctuations
and hurricanes are of great potential impact. The hydrological cycle affects and
interacts with other components of the climate system such as glaciers, seasonal
snow cover, polar ice cover, vegetative cover and last but not least, atmospheric
aerosols.

In the context of atmospheric science, aerosol is a collective name for
suspended particulate matter that ranges in size from molecular clusters of
I nm to giant particles of ~20 pum diameter. The variation of aerosol size
distribution and composition in the atmosphere depends on a complex
combination of processes involving primary (direct release to the atmo-
sphere) and secondary (formed in the atmosphere from chemical gas to
particle conversion) sources, transport, dispersion, cloud processing and
removal by precipitation as described in Chapters 2, 3 and 4. It is widely

L.A. Barrie ()
WMO, Geneva, Switzerland

Z. Levin, W.R. Cotton (eds.), Aerosol Pollution Impact on Precipitation, 1
© Springer Science+Business Media B.V. 2009
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Fig. 1.1 Schematic of the hydrological cycling of water between atmosphere, land and oceans.
Plots courtesy of S. Yuter, North Carolina State University

acknowledged that the presence of aerosols in the atmosphere is essential to
the initial formation of clouds but that their influence on cloud growth and
primarily on precipitation formation is less clear. The main goal of this
document is to review what is known about the relationship between aero-
sols and precipitation reaching the Earth’s surface and to suggest ways to
advance this knowledge.

From an Earth Science perspective a key question is how changes expected in
climate, such as warming or changes in atmospheric aerosols, will translate into
changes in the hydrological cycle, and what trends may be expected in the
future. The hydrological cycle is driven by a multiplicity of complex processes
and interactions, many of which are inadequately understood and poorly
represented in weather and climate models. We require a much better, under-
standing and hence predictive capability, of moisture and energy storages and
exchanges among and within the Earth’s atmosphere, oceans, continents and
biological systems over a wide range of spatial scales from local to regional to
hemispheric to global and of time scales from hours to decades.
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Fig. 1.2 A schematic diagram of the hydrological cycle. The numbers in the boxes are
estimates of the total amounts of water in the various reservoirs in units of 10'° kg. The
numbers alongside the arrows are estimates of average annual fluxes in units of 10'® kg/year
(Oki 1999, with permission of Cambridge University Press)

Figure 1.2 is a more quantitative depiction of the hydrological cycle shown
in Fig. 1.1. It shows the amounts of water in the various reservoirs and the rate
of exchange between them. The hydrological cycle is closely linked to the
atmospheric circulation and to temperature, which determines the maximum
amount of water vapour in the atmosphere. However, the hydrological cycle in
turn affects other components of the weather and climate system through
complex feedback mechanisms. For example, latent heat released by the
condensation of water to form clouds is an important component of the atmo-
spheric heat balance.

The atmosphere is by far the smallest reservoir of water. Although accounting
for only 0.3% of the total mass of the atmosphere, water vapour is an important
greenhouse gas forming a naturally varying background upon which the effects
of anthropogenically influenced long-lived gases such as carbon dioxide and
methane are superimposed.

The residence time of water in the atmosphere given by dividing the amount
of water vapour in the atmosphere (13x10'° kg) by the annual mean precipita-
tion rate (506 kg/year) is 0.03 years (9 days). Nine days is by far the shortest
residence time of water in any of its reservoirs. The residence time in lakes and
rivers is on the order of a year and in the Antarctic ice sheet is ~200,000 years.
Over a period of 9 days, water vapour can be transported over thousands of
kilometers.

Another link between aerosols and the global hydrological cycle is by
aerosols acting as cloud condensation nuclei (CCN) and ice nuclei (IN). The
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concentrations and effectiveness of these particles influence the formation of
cloud drops and ice crystals and the resulting precipitation. Since in many parts
of the world precipitation originates via the ice phase, IN from both natural and
anthropogenic sources might affect precipitation. As discussed in Chapter 7,
results of simulations by several cloud-resolving models and general circulation
models suggest that changes in ice nuclei concentrations can have a major
impact on both precipitation and on the surface energy budget, sometimes
leading to surface warming and other times leading to surface cooling
(Lohmann 2002; Carrio6 et al. 2005).

A potentially important link between aerosols and the global hydrological
cycle is through the surface energy budget. As aerosol and cloud optical depths
increase, less solar radiation reaches the surface. This is balanced by decreased
outgoing energy from the surface, either in the form of terrestrial longwave
radiation or by reduced latent and sensible heat fluxes. As shown from coupled
global climate model/mixed-layer ocean model simulations, the decrease in
solar radiation seems to be more important in controlling the amount of
evaporation in the global mean than the increase in surface temperature result-
ing from the increase in greenhouse gases (Liepert et al. 2004). Aerosols could
impact global atmospheric circulations through several mechanisms including
changes in cloud cover, ocean and land-surface heating, rate of latent heat
release, and precipitation efficiency.

1.2 Global Distribution of Clouds and Precipitation

Clouds cover about 60% of the Earth’s surface (Rossow et al. 1993) and
through scattering of solar radiation, play an important role in the radiative
balance of the Earth. At any given location, daily cloud and precipitation
variability can be large since clear sky conditions can transition to overcast
skies and rain within a few hours. When temporal averages of 1 month or more
are calculated, climatological patterns of cloud and precipitation start to
emerge. Large-scale atmospheric circulation yields regional differences in
cloud and precipitation distributions. The atmospheric circulation is driven
by the combined effects of the latent heat released as water vapour condenses
into cloud droplets, as well as the direct radiative forcing of water vapour,
greenhouse gases and aerosols, and the indirect forcing of aerosols through
their effects on clouds (IPCC 2001) and the varying surface reflectivity to solar
radiation.

For a given region, the largest source of variability of clouds and precipita-
tion is usually the seasonal cycle. Monsoons are seasonal circulations driven by
temperature contrasts between ocean and land surfaces. Monsoon circulations
reverse direction with the seasons. Interannual variations in large-scale atmo-
spheric oscillations such as El-Nino-Southern Oscillation (ENSO) and the
North Atlantic Oscillation (NAO) are associated with interannual variability
of global precipitation distribution.
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Fig. 1.3 Geographic distribution of cloud fractional coverage for June, July, August 1983-1990
for (a) high thin cloud (cloud top height >440 hPa and optical depth <9.38), (b) high thick cloud
(cloud top height >440 hPa and optical depth >9.38), (¢) Low cloud (cloud top height
<440 hPa) and (d) total cloud. Plots courtesy of D.L. Hartmann, University of Washington

Hartmann et al. (1992) used the International Satellite Cloud Climatology
Project (ISSCP) cloud cover, cloud-top height and cloud-type data sets
(Rossow and Schiffer 1991) to yield the global patterns of clouds subdivided
by cloud type (Figs. 1.3, 1.4 and 1.5).

High-cloud tops occur in regions with large-scale ascent in the tropics and in
midlatitude storm tracks associated with baroclinic waves. Optically thick high
clouds occur where convection is most active and cover a slightly smaller area of
the globe than high, optically thin clouds. Low clouds are predominately
oceanic and occur most frequently over the subtropical eastern ocean margins
and over middle and high latitude oceans. The low clouds over the subtropical
eastern oceans are associated with large-scale subsidence (descending branch of
the Hadley cell) and lower than average sea surface temperature, which yield
stratocumulus clouds trapped below an inversion. Low clouds over middle
latitude oceans are usually stratus (Norris 1998).

Total cloud cover is greatest over middle latitude oceans in both the northern
and southern hemispheres (Fig. 1.5). Minima in cloud cover occur over sub-
tropical desert regions but smaller cloud amounts also occur over the Caribbean
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Fig. 1.4 Asin Fig. 1.3 except for December, January, February 1983-1990. Plots courtesy of
D.L. Hartmann, University of Washington

Sea and the southern subtropical zones of the Pacific, Atlantic and Indian oceans
(Hartmann 1994). Cloud cover has seasonal maxima in regions of intense tropical
convection such as the Bay of Bengal in June-August (Fig. 1.3) and over the
Amazon and Indonesia in December—February (Fig. 1.4).

Precipitation forms within clouds, so it is not surprising that the global dis-
tribution of precipitation (Fig. 1.6) has many similarities to the global distribution
of clouds with high tops (Fig. 1.5a). However, there are important differences
between the cloud and precipitation maps related to the weak instantaneous
correlations of cloud top properties and surface rainfall (see Chapters 5, 6 and 7).

Global average precipitation rate is estimated to be 2.6 mm day !, with
higher average values over the ocean (2.8 mm day ') as compared to land
(2.1 mm day™"). On average, three quarters of the global precipitation falls
over the world’s oceans (Adler et al. 2003).

The zonally averaged precipitation (Fig. 1.7) is closely related to the global
circulation pattern and cloud pattern with peak values at the latitude of the
ITCZ for the ocean, peak values over land associated with Amazonia and
Indonesia, and secondary maxima at middle latitudes associated with the
storm tracks of baroclinic disturbances.
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Fig. 1.5 Annual average cloud fractional coverage in percent estimated from ISSCP.
(a) clouds with tops lower than 680 hPa, (b) clouds with tops lower than 440 hPa, (c) all
clouds. Plots courtesy of D.L. Hartmann, University of Washington

The relative contributions of liquid-phase versus ice-phase precipitation
mechanisms to the total precipitation at given locations need to be known in
order to determine the potential impacts of aerosols on precipitation since the
aerosols have different impacts on the two precipitation mechanisms. These
contributions are simple to estimate for shallow clouds that contain only liquid-
phase precipitation but are very difficult to determine for mixed-phase clouds,
which yield the vast majority of global precipitation.

In addition to the limitations arising from incomplete understanding of
precipitation processes, direct determination of inadvertent effects of aerosols
is also problematic due to large uncertainties in precipitation measurements
(Chapter 5). The current accuracy and precision of precipitation measurements
(rain and snowfall) in many parts of the globe makes the detection of effects of
both deliberate and inadvertent aerosol seeding of clouds on surface precipita-
tion impossible to determine.

Global estimates of tropical precipitation between 30°N and 30°S
have the lowest uncertainties as compared to middle latitude and polar
precipitation estimates (Sect. 5.5), so we will focus our discussion of global
precipitation variability to tropical areas. Fig. 1.8 shows monthly global
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Fig. 1.6 The 23-year (1979-2001) annual mean precipitation (mm day~') based on merged
global satellite observations, rain gauge derived areal estimates over land (see Chapter 5, Fig.
5.18 for network density), and numerical model outputs. From Adler et al. (2003) with
permission of the American Meteorological Society

precipitation anomalies from a 23-year tropical climatological mean value based
on GPCP (Global Precipitation Climatology Project) superimposed on a 12-
month running mean. Also overlaid are the El Nifio 3.4 SST index and months
with significant volcanic eruptions. Monthly anomalies are typically smaller over
the ocean, usually <0.4 mm day !, compared to larger variations that occur over
land (Adler et al. 2003, Haddad et al. 2004).

Diverse studies have shown that ENSO is a major factor in the interannual
variability of sea surface temperatures, large-scale atmospheric circulation,
and the global precipitation distribution (U.S. CLIVAR Pan American
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Fig. 1.8 Tropical (30°N to 30°S) averages of monthly precipitation anomalies (mm day ') for
(top) total, (middle) ocean, and (bottom) land. Vertical dashed lines indicate months of
significant volcanic eruptions. Black curves in all three panels indicate the El Nifio 3.4 SST
index in °C. From Adler et al. (2003) with permission of the American Meteorological Society
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Implementation Panel 2002). Dry periods over the Indonesia and Malaysia
region, South America and Africa are associated with the warm phase of ENSO
(Fig. 1.9). These are some of the same regions where biomass burning aerosols
are prevalent. The impact of major volcanic events on precipitation is difficult
to isolate from that of ENSO (Adler et al. 2003). Removal of the ENSO signal
on precipitation is a necessary step in assessing the long-term impact of aerosols
on precipitation.

In contrast to many climate predictions, the 23-year record examined by
Adler et al. (2003) in Fig. 1.8 shows no noticeable trend in global or tropical
precipitation. However, the size of the predicted precipitation increase
associated with global warming is smaller in magnitude than the interannual
variations associated with ENSO and is likely not detectable in such a short
record (Adler et al. 2003).

1.3 Global Aerosol Distributions

The spatial distribution of aerosols as represented by average monthly aerosol
optical depth (AOD) in Fig. 1.10 illustrates the complexity of aerosols and the
fact that they are transported long distances before being deposited. Details of

Jul

Fig. 1.10 Long term mean e
aerosol optical depth (AOD)
in the northern hemisphere
months of (a) May, (b) July
and (c¢) September, compiled
by combining data from
satellites with surface-based
aerosol sunphotometer data.
Satellite observations were
validated using ground-
based AOD observations.
Plots Courtesy of S. Kinne,
MPI, Hamburg, Germany
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these acrosols are given in Chapters 3 and 4. The main natural sources are
divisible into soil dust, sea salt, marine biogenic sulphur, terrestrial biogenic and
boreal biomass burning, while anthropogenic sources are those from industry,
fossil fuel combustion and human-activity related biomass burning. Each
aerosol type has its own characteristic sources, size distribution and effective-
ness as cloud condensation nuclei (CCN) and ice nuclei (IN).

1.4 Aerosol-Precipitation Interactions: An Inherent Part
of Climate Change

Aerosols, cloud properties and precipitation are recognized by the United
Nations Framework Convention on Climate Change (UNFCCC) and the
Global Climate Observing System (GCOS) as essential climate variables
(GCOS-107 2006). The importance of anthropogenic aerosol impacts on clouds
through effects on cloud albedo (indirect effect #1) has been acknowledged
(IPCC 2001). The best estimate of this indirect cloud albedo effect due to
anthropogenic aerosols from pre-industrial times to the present-day from
different climate models varies between —0.5 to —1.9 W m~*(Lohmann and
Feichter 2005). Secondly, a reduction of drizzle production due to more and
smaller cloud droplets may prolong cloud lifetimes and hence cloud coverage
(cloud lifetime or indirect effect #2). The cloud lifetime effect, the semi-direct
effect (heating of the air due to absorption of solar radiation by absorbing
aerosol), and aerosol-ice cloud interactions in response to anthropogenic
aerosols are considered to be part of the climate response rather than radiative
forcing (IPCC 2001). Nevertheless, the total effect resulting from these aerosol-
cloud interactions can be estimated from climate model simulations.
These simulations are conducted such that one multi-year simulation uses
pre-industrial aerosol and their precursor emissions (i.e. the anthropogenic
sources are switched off) and another multi-year simulation that uses present-
day aerosol emissions. Aerosols also tend to reduce the net radiation reaching
the surface and thereby lower surface temperatures, indirectly affecting the
hydrological cycle and atmospheric circulation. The impact of aerosols on the
radiation balance and on the global mean precipitation is discussed in chapter 7.

1.5 Unraveling the Aerosol-Precipitation Factor in Long Term
Observations: Ongoing Experiments of Opportunity

Changes taking place in certain regions of the globe, historically and in the future,
may provide an opportunity to separate the acrosol effect on precipitation from
other factors, and thereby give the possibility of good experimental design and
adequate systematic observations for analysis. These studies may also be able
address the distributions of air pollution and fresh water, which have economic,
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sociological, environmental and health impacts. It is recommended that WMO/
IUGG, together with other UN, international and national organizations, parti-
cipate in designing field studies such as the following:

e Indian subcontinent: document changes in precipitation in an evolving
industrial economy dominated by the Indian Monsoon

e China: document changes in precipitation in an evolving industrial economy

e Amazonia: a history of biomass burning in Amazonia with simultaneous
research studies

o Influence of Saharan Dust and biomass burning on the African monsoon

e Atlantic tropical storms development: testing the effects on storm develop-
ment and the accompanying effects on precipitation

e Volcanic eruptions: investigate the massive perturbations of climate and
general circulation through aerosols.

1.6 The Structure of this Review

This review addresses current knowledge of how natural and anthropogenic
aerosols might affect clouds, precipitation and hence the hydrological cycle and
climate. Diagnosis of the link between aerosol pollution and precipitation has
not been possible due to the lack of studies. The report therefore focuses on
available published evidence indicating possible links and on identifying effec-
tive ways to proceed in filling gaps in our understanding. In subsequent chap-
ters we discuss in some detail the formation mechanisms of clouds and
precipitation (Chapter 2), the sources and cloud relevant physical/chemical
characteristics of atmospheric aerosols (Chapter 3), their global distribution
and presence in various regions (Chapter 4), ground-based, airborne and satel-
lite techniques for observing the effects of aerosols on clouds and precipitation
(Chapter 5), the observed and model simulations of the effects of aerosols on
clouds and precipitation (Chapters 6 and 7) and lessons learned about inad-
vertent aerosol effects on clouds and precipitation from many decades of
attempts to modify clouds and precipitation by cloud seeding (Chapter 8).
Finally, in Chapters 9 and 10 respectively, we summarize the main points of
the report and add a list of recommendations to increase knowledge of the
effects of aerosols on clouds and precipitation.



Chapter 2
Principles of Cloud and Precipitation Formation

William R. Cotton and Sandra Yuter

2.1 Introduction

In this chapter we provide an overview of the basic physical processes
responsible for the formation of clouds and precipitation. A number of impor-
tant concepts are discussed, and terms defined, which will be used in later
chapters. For more detail on these topics the reader is referred to textbooks
by Pruppacher and Klett (1997), Rogers and Yau (1989), relevant chapters in
Wallace and Hobbs (2006), Cotton and Anthes (1989), and Houze (1993) and
review articles by Stewart (1985) and Cantrell and Heymsfield (2005).

2.2 Formation and Structure of Clouds

Different cloud types are defined according to the phases of water present and
the temperature of cloud top (AMS Glossary). If all portions of a cloud have
temperatures warmer than 0°C it is referred to as a warm cloud, or a liquid phase
cloud. In clouds extending above the 0°C level, precipitation may form either by
ice phase or droplet coalescence processes. Ice-crystal clouds consist entirely of
ice crystals. Analogously, a water cloud is composed entirely of liquid water
drops. A mixed-phase cloud contains both water drops (supercooled at tem-
peratures colder than 0°C) and ice crystals, without regard to their actual spatial
distributions (coexisting or not) within the cloud. Most convective clouds
extending into air colder than about —10°C are mixed clouds, though the
proportion of ice crystals to water drops may be small until the cloud builds
to levels of still lower temperature. Provided the temperature is not below about
—40°C, supercooled droplets may coexist with ice particles. However, the liquid
phase within unactivated aerosols (haze particles) may coexist with ice particles
to very low temperatures.

W.R. Cotton (PX)
Colorado State University, Fort Collins, CO, USA

Z. Levin, W.R. Cotton (eds.), Aerosol Pollution Impact on Precipitation, 13
© Springer Science+Business Media B.V. 2009
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2.2.1 Dynamical Aspects of Cloud Formation

Clouds form when the saturation vapour pressure becomes lower than the actual
partial pressure of the water vapour in the air. The difference condenses in the
form of liquid water or ice, depending on the temperature. The saturation vapour
pressure decreases when the temperature decreases (Clausius-Clapeyron). The
most common way clouds form is therefore when a buoyant parcel of air is lifted
(convective ascent) and cooled by adiabatic expansion. For an ascending parcel
inside a cloud, the temperature decreases following a moist adiabatic lapse
rate which is slightly less (0.65°C per 100 m) than in clear air adiabatic
ascent (1°C per 100 m), because of the latent heat released by condensation.
The corresponding rate of condensation depends on the temperature and
pressure of the cloud cell. For example at 900 m and 20°C, it is in the order of
2 gm > km™' of ascent. When the cloud base temperature and pressure are
determined, the mixing ratio of condensed water at any level above cloud base
can be derived as the difference between the water vapour mixing ratio at cloud
base and the saturation water vapour mixing ratio at that level. This is referred
to as the adiabatic water-mixing ratio. The actual condensed water-mixing ratio
is generally lower than the adiabatic value. At cloud base the condensation of
the available water vapour is not instantaneous, and the actual water vapour
partial pressure can be momentarily higher than the saturation vapour pressure
leading to supersaturation. Supersaturation plays a critical role near cloud base
for the activation of CCN and IN that initiate cloud droplets (Sect. 2.2.2.1)
or ice crystals (Sect. 2.2.2.2). Further up in the cloud, when cloud particles are
numerous and big enough, the rate of condensation keeps pace with the
production of supersaturation, so that supersaturations remain steady or
declines. The actual condensed water content in a convective cloud is generally
lower than one without mixing or what is called adiabatic water content. This is
because the ascending air from the cloud base is continuously mixed with drier
air entrained from outside the cloud. The condensed water content, either liquid
or ice, is a key parameter for precipitation formation. Precipitation is most
likely to form in the regions of largest condensed mixing ratio, i.e. in the least
diluted cloud cells.

A second critical parameter in cloud formation is the Lagrangian time scale
of the cloud particles, which is the time it takes a parcel of air containing an
ensemble of cloud particles to form when entering a cloud, and evaporate or
sublimate when the parcel reaches cloud top. Liquid phase precipitation is
produced when the numerous but very small droplets, which have grown by
condensation, collide and coalesce into a few much larger raindrops with a
significant fall speed. Small ice phase particles can grow to precipitation size
by any combination of vapour deposition, collection of small water droplets
(riming) or collection of other ice particles (aggregation). These processes
require significant time, sometimes comparable to or exceeding the lifetime of
a cloud. If the Lagrangian time scale of the cloud particles is shorter than the
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time needed to produce precipitation, all the condensed water vapour may
evaporate in the atmosphere without any precipitation reaching the surface.

The principal types of ascent, each of which produces distinctive cloud

forms, are:

a)

b)

Local ascent of warm, buoyant air parcels in a conditionally unstable environment,
which produces convective clouds. Because of the release of latent heat, a
cloud convective parcel becomes warmer, hence positively buoyant, with
respect to its environment. Air parcels within convective cells are thus able to
rise into the atmosphere, until they reach a stable boundary such as a
temperature inversion or lose their buoyancy by mixing. Convective clouds
have diameters from about 0.1 to 10 km and air ascends in them with
velocities up to a few meters per second, although updraft speeds of several
tens of meters per second can occur within small volumes of large convective
clouds. Within stronger updrafts, ascents of a few kilometers typically
produce condensed water mixing ratios of a few grams per kilogram. Mixing
ratios of more than 10 gkg ™" are possible in very strong updrafts within deep
cumulonimbus clouds.

The lifetimes of convective clouds range from minutes to several
hours. The particles Lagrangian time scale may however be shorter.
For example, in a shallow cumulus cloud with a depth of ~1.5 km and
characteristic updraft speeds of 3 m s', the Lagrangian time scale is
tp=1500 m/3 m s '=500s ~8 min. This represents the time available for
initiation of precipitable particles. Once initiated, precipitation may con-
tinue over the remaining lifetime of the cloud. In a towering cumulus cloud
with depth of ~10 km and updraft speeds of ~15ms~', the Lagrangian time
scale is t, = 10,000 m/15 m s ! ~ 660s ~ 11 min, only slightly longer than
shallow cumulus clouds. The main advantage that a towering cumulus cloud
experiences over that of a shallow cloud in forming precipitation particles is
associated with the greater amounts of condensate that is produced in deeper
clouds. Because precipitation growth by collection is a non-linear function of
the amount of condensate in a cloud (Kessler 1969; Manton and Cotton
1977), precipitation growth proceeds quite rapidly in cumulonimbus clouds
relative to low liquid water content cumulus clouds. Supercell storms
(~12 km depth) have lifetimes of several hours but their strong updrafts
(~40 m s7'), yield a Lagrangian time scale of only t,=12,000 m/40 m
s~ '=300s=15 min, which is shorter than that for shallow cumulus clouds.
A characteristic feature of supercell storms is the bounded weak echo region
where updrafts are so strong that there is not sufficient time to produce
radar-detectable precipitation elements at mid levels of the storm (Browning
and Ludlam 1962; Marwitz 1972)

Forced lifting of stable air to produce layer or stratiform clouds. Such clouds
can occur at altitudes from ground level to the tropopause and extend over
hundreds of thousands of square kilometers. Lifting rates range from a few
centimeters per second to ~10 cm s~ '. Layer clouds generally exist over
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periods of tens of hours and their Lagrangian time scales are ~10* s (~3 h).
Due to their long Lagrangian time scales, precipitation is likely in these
clouds in spite of their small water contents (~0.5 g kg™ ').

Forced lifting of air as it passes over hills or mountains to produce oro-
graphic clouds. Updraft velocities depend upon the speed and direction of
the wind and the height of the barrier, they can be several meters per
second. Water contents are typically a few tenths of a gram per cubic
meter of air, depending upon the altitude at which the air enters the cloud
upwind and its maximum altitude above the mountain top. Orographic
clouds may be quite transitory, but if winds are steady they may last for
many hours. However, the relevant time scale that determines the time
available for precipitation formation is not the time that it takes a parcel to
ascend from cloud base to cloud top. Instead, it is the time that it takes a
parcel to transect from the upwind lateral boundary to its downwind
boundary, as shown in Fig. 2.1 For example, for a 15 m s~' wind speed
and a cloud of 18,000 m lateral extent, t,=18,000 m/15 m s 1=1200
s=min. This time scale is longer than that for cumulus clouds but con-
siderably shorter than that for layer clouds. Since the liquid water contents
of stable wintertime orographic clouds are low, production of precipitation
requires efficient conversion of cloud droplets to precipitation. These con-
ditions can occur in shallow maritime clouds passing over mountains near
shore. Lagrangian time scales are longer for deeper mixed and ice-phase
orographic clouds as compared to shallower liquid phase clouds. Note that
the adiabatic liquid water content for orographic clouds is not determined

f— 18km ———p

Tp

Wind >
Air
parcel 1400 m

Fig. 2.1 Schematic of a stable orographic cloud indicating the trajectory of an air parcel
through the cloud, which determines the Lagrangian time scale (¢,) for the development
of precipitable particles. Adapted from Cotton and Anthes (1989) with permission of
W.R. Cotton
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by the ascent of a cloud parcel from cloud base to cloud top. Instead, it is
determined by the vertical displacement of a parcel of air as it transects the
cloud over the mountain barrier.

Vertical ascent is not the only way of lowering the temperature and the water
vapour saturation pressure. Cloud top radiative cooling can lead to destabiliza-
tion of cloudy layers. This is the main driving force for marine stratocumulus
clouds. It is also important in fogs, stratus clouds and cirrus clouds. Longwave
radiative flux divergence at cloud top creates cooling of the air, which, in turn,
produces higher density air parcels that descend through the cloud layer causing
vertical mixing. In the case of a marine stratocumulus layer in which the sea
surface temperatures are slightly warmer than the overlying air, the descending
cool air parcels can descend through most of the unstable sub-cloud layer,
which enhances vertical mixing through the depth of the cloudy boundary
layer. Typical lifetimes of stratus and stratocumulus clouds are ~6 to 12 h.
The Lagrangian time scale for 1000 m deep clouds having vertical velocities of
~0.1ms™'is t,=1000 m/0.1 m s7'=10%s ~ 3 h. Thus, in spite of the fact that
they have liquid water contents of only ~0.1 g kg™, the long Lagrangian time
scales permit the formation of precipitation, in the form of drizzle, in stratus
and stratocumulus clouds. Because of cloud top radiative cooling, the tempera-
ture at the top of a convective cloud may decrease more than expected from the
adiabatic lapse rate, hence leading to a superadiabatic water mixing ratio.

As noted earlier, the above concepts of a cloud are based on simple “back-of-
the-envelope” calculations. In general, clouds are very turbulent and thus
the time-scales for precipitation formation can be much longer than simple
Lagrangian parcel estimates. Likewise, the liquid water contents of clouds can
be quite variable. In cumulus clouds it is not uncommon to find regions of high
liquid water content, say 0.5 to 1.0 g m™, next to regions with hardly any
condensate only tens of meters away. Often cumulus clouds exhibit consider-
able asymmetry in structure, with upshear parts of the cloud experiencing little
mixing and turbulence, and downshear portions experiencing very large mixing
and turbulence. In such a cloud hydrometeors undergo growth on the upshear
side and experience evaporation and turbulence on the downshear.

Thus far we have only talked about individual cumulus clouds and the
lifetimes of individual cells. But in fact precipitating clouds can affect neighbor-
ing clouds by exciting gravity waves, by latent heating induced buoyancy bores
and by producing air chilled by evaporation of precipitation particles in
the subcloud layer. As illustrated in Fig. 2.2 even small cumuli that produce
precipitation that evaporates in the sub-cloud layer can form a cold pool. The
chilled air is denser than surrounding air and spreads out beneath the cloud
where it can lift the surrounding air sometimes enough to generate new cloud
cells. In some cases neighboring precipitating clouds can produce cool outflows
that run into each other and cause lifting of the air leading to the merger of the
neighboring clouds (Fig. 2.3). The merged cloud cell is often wider and deeper
than the parent clouds and is more likely to produce rain. As illustrated in



18 W.R. Cotton, S. Yuter

Fig. 2.2 (a) lllustration of droplets settling from the upper levels of a cloud, thus reducing the
amount of liquid water content or water-loading burden on the cloud. (b) Illustration of the
formation of an evaporatively-chilled layer near the surface, which can lift surrounding moist
air sometimes to the LCL (Lifting Condensation Level) and LFC (Level of Free Convection).
From Cotton (1990) with permission of W.R. Cotton

Fig. 2.4 the cold pool and leading edge gust front are important to the main-
tenance of an ordinary thunderstorm as an efficient engine. The fact that
precipitating clouds alter their local environment is important for understand-
ing how pollutants can influence clouds (Chapter 7) and how seeding clouds can
perhaps alter precipitation on time scales greatly exceeding the lifetime of
individual clouds (Chapter 8).

MERGER PROCESS WITHOUT SHEAR

LIGHT  WIND

—4 KM—

GUST FRONTS \

Fig. 2.3 Schematicillustration relating downdraft interaction to bridging and merger in case
of light wind and weak shear. From Simpson et al. (1980) with permission from Springer
Press
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Fig. 2.4 Schematic model of the lifecycle of an ordinary thunderstorm. (a) The cumulus stage
is characterized by one or more towers fed by low-level convergence of moist air. Air motions
are primarily upward with some lateral and cloud top entrainment. (b) The mature stage is
characterized by updrafts, downdrafts and rainfall. Evaporative cooling at low-levels forms a
cold pool and gust front, which advances, lifting warm-moist, unstable air. An anvil at upper
levels begins to form. (¢) The dissipating stage is characterized by downdrafts and diminishing
convective rainfall. Stratiform rainfall from the anvil cloud is also common. The gust front
advances ahead of the storm preventing air from being lifted at the gust front into the
convective storm. From Cotton (1990) with permission of W.R. Cotton

2.2.2 Liquid Phase Clouds

2.2.2.1 Cloud Droplet Formation

The supersaturations required to nucleate drops by the chance collisions of
water vapour molecules (i.e. homogeneous nucleation) greatly exceed the
observed supersaturations in the atmosphere. Consequently, droplets do not
form in natural clouds by homogeneous nucleation. Instead, they form by
heterogeneous nucleation onto atmospheric aerosol.

Kohler (1926) first determined the equilibrium vapour pressure above small
solution droplets (Fig. 2.5). It can be seen from the curves shown in Fig. 2.5 that
below a certain droplet size, the relative humidity of the air adjacent to a
solution droplet is less than that which is in equilibrium with a plane surface
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Fig. 2.5 Variations of the relative humidity and supersaturation adjacent to droplets of
(1) pure water (blue), and adjacent to solution droplets containing the following fixed
masses of salt: (2) 107! kg of NaCl (red), (3) 10~'* kg of NaCl (orange), (4) 107" kg of
NaCl (brown), (5) 107" kg of (NH4)>SO, (green), and (6) 108 kg of (NH,4),SO, (violet). Note
the discontinuity in the ordinate at 100% relative humidity (adapted with modification from
Rasool (1973))

of pure water at the same temperature (i.e. 100%). As a droplet increases in size,
the lowering of the equilibrium vapour pressure above its surface due to the
dissolved material becomes increasingly less and the equilibrium vapour pres-
sure over a small curved droplet (Kelvin curvature effect) becomes the domi-
nant influence.

Suppose a particle of NaCl with mass 10~'? kg is placed in air with a water
supersaturation of 0.4% (indicated by the dashed line in Fig. 2.5). As can be
seen from the Fig. 2.5, the solution droplet will experience a supersaturation,
and the droplet will grow by condensation. As it does so, the supersaturation
adjacent to the surface of this solution droplet will initially increase, but even at
the peak in its Kohler curve the supersaturation adjacent to the droplet is
less than the ambient supersaturation. Consequently the droplet will grow
over the peak in its Kohler curve and down the right-hand side of this curve
to form a fog or cloud droplet. A droplet that has passed over the peak in its
Kohler curve and continues to grow is said to be activated.

Now consider a particle of (NH4),SO4 with mass 10~? kg that is placed in
the same ambient supersaturation of 0.4%. In this case condensation will occur
on the particle and it will grow as a solution droplet. At point A the super-
saturation adjacent to the droplet is equal to the ambient supersaturation. If the
droplet at A should grow slightly, the supersaturation adjacent to it would
increase above the ambient supersaturation, and therefore the droplet would
evaporate back to point A. If the droplet at A should evaporate slightly, the
supersaturation adjacent to it would decrease below the ambient supersatura-
tion, and the droplet would grow by condensation back to A in Fig. 2.5. Hence
the solution droplet at A is in stable equilibrium with the ambient supersatura-
tion. If the ambient supersaturation were to change a little, the location of A in
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Fig. 2.5 would shift, and the equilibrium size of the droplet would change
accordingly. Droplets in this state are said to be unactivated or haze droplets.
Haze droplets in the atmosphere can considerably reduce visibility by scattering
light.

A subset of the atmospheric aerosol discussed in Chapter 3 serves as particles
upon which water vapour condenses to form droplets that are activated and
grow by condensation to form cloud droplets at the supersaturations achieved
in clouds (~0.1—1%). These particles are called cloud condensation nuclei
(CCN). It follows from the above discussion that the larger the size of a particle
with a given chemical composition, the more readily it is wetted by water, and
the greater its solubility, the lower will be the supersaturation at which the
particle can serve as a CCN. For example, to serve as a CCN at 1% super-
saturation, completely wettable but water insoluble particles need to be at least
~0.1 pm in radius, whereas soluble particles can serve as CCN at 1% super-
saturation even if they are as small as ~0.01 um in radius. Most CCN consist of
a mixture of soluble and insoluble inorganic and organic components (called
internally-mixed nuclei). The solubility of a particle has an important effect on
its effectiveness as a CCN. For example, the initial minimum dry radius of a
particle that is activated by a supersaturation of 0.1% is 0.075 pm if the particle
is completely soluble. However, if the ratio of the soluble mass to the total mass
of the particle is only 0.2, the particle would need to have a dry radius of 0.13 um
to be activated by a supersaturation of 0.1%.

Another aspect of CCN activity that is often overlooked is the wettability of
the aerosol particle (i.e. the ability of water to spread out over the surface of the
particle) as measured by the contact angle of water on the particle. It is generally
assumed that particles are completely wettable. However, this is by no means
always the case (e.g. Knight 1971). For example, in the atmosphere there are a
number of organic materials that are not wettable. To the extent that a sub-
stance has a non-zero contact angle, its ability to serve as a CCN will be
hindered.

The surface tension of the solution formed by condensation onto a soluble
particle will also affect the subsequent growth of the solution droplet. This is
because for the Kelvin effect the energy barrier that has to be overcome for a
droplet to be activated varies as the third power of the surface tension (Wallace
and Hobbs 2006). The chemical components, concentrations, solubilities, and
surface tensions of solution droplets that form in various environments are not
well documented, and the effects of these parameters on droplet activation,
individually and in combination are not well understood, but it is generally
believed that surface tension effects are small.

Another factor of importance during droplet nucleation and vapour deposi-
tion growth is the diffusivity of vapour molecules near the surface of small
droplets. Ordinarily diffusivities of water vapour that can be found in chemical
handbooks do not take into account the kinetic effects of vapour diffusion when
vapour molecules are within the mean free path distance of the droplet surface.
To account for kinetic effects, the vapour diffusivities are modified with a
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so-called accommodation coefficient. There is strong disagreement in the
literature regarding the value of the accommodation coefficient for atmos-
pherically relevant conditions (Shaw and Lamb 1999; Laaksonen et al. 2005).
For example, the existence of film forming compounds in the aerosol may
significantly reduce the mass accommodation. This parameter has a very
strong effect on the number of droplets activated, with the latter tending to
decrease with increasing values of this coefficient. Its effect is much stronger
than many effects associated with changes in aerosol composition mentioned
above (e.g. Kreidenweis et al. 2003).

2.2.2.2 Cloud Condensation Nuclei (CNN)

Because of the uncertainties in predicting the CCN nucleating ability of atmo-
spheric particles, an empirical approach is generally taken by measuring the
concentration of particles that serve as CCN at various prescribed supersatura-
tions; this is called the CCN supersaturation spectrum. The concentrations of
CCN active at various supersaturations can be measured with a thermal gra-
dient diffusion chamber, or other devices based on similar principles. A diffu-
sion chamber may take a variety of geometric configurations, with the essential
feature being that particles are statically or dynamically (with continuous flow)
exposed to a steady supersaturation field created either by wetted plates held at
different temperatures or by a streamwise gradient of temperature. By varying
the temperature difference between the plates it is possible to produce max-
imum supersaturations in the chamber that range from a few tenths of 1% to a
few percent, which are similar to the inferred supersaturations that activate
droplets in clouds (Wieland 1956). Worldwide measurements of CCN concen-
trations have not revealed any systematic latitudinal or seasonal variations. At
a given location, CCN vary by several orders of magnitude with time, depend-
ing on the proximity of sources, wind direction, air mass type, precipitation and
cloudiness (Twomey 1960; Jiusto 1966; Radke and Hobbs 1969). Near the
Earth’s surface continental air masses generally contain larger concentrations
of CCN than clean marine air masses (Fig. 2.6). For example, the concentration
of CCN in the continental air mass over the Azores, depicted in Fig. 2.6, is
about ~300 cm > at 1% supersaturation, while in the marine air mass over
Florida it is ~100 cm 3, and in clean Arctic air it is only ~30 cm 2. The ratio of
CCN (at 1% supersaturation) to the total number of particles in the air (CN) is
~0.2—0.6 in marine air; in continental air this ratio is generally less than ~0.01
but can rise to ~0.1. The very low ratio of CCN to CN in continental air
is attributable to the large number of very small particles, which are not
activated at low supersaturations. Concentrations of CCN over land decline
by about a factor of five between the planetary boundary layer and the free
troposphere (Squires and Twomey 1966; Hoppel et al. 1973; Hobbs et al.
1985a,b). Over the same height interval concentrations of CCN over the
ocean remain fairly constant, or may even increase with height, reaching a
maximum concentration just above the mean cloud height (Hoppel et al. 1973;
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Fig. 2.6 Cloud
condensation nucleus
spectra in the boundary
layer from measurements
near the Azores in a
polluted continental air
mass (brown line), in Florida
in a marine air mass (green
line), and in clean air in the
Arctic (blue line). Adapted
with modification from
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Hudson 1983; Hegg et al. 1990). Ground-based measurements indicate that
there is a diurnal variation in CCN concentrations at some locations, with a
minimum at about 6 a.m. and a maximum at about 6 p.m. (Twomey and
Davidson 1970, 1972).

The observations described above provide clues as to the origins of natural
CCN. First of all it appears that the land acts as a major source of CCN, because
the concentrations of CCN are generally high over land and decrease with
altitude. Some of the soil particles and dusts that enter the atmosphere probably
serve as CCN, but they do not appear to be a dominant source. The rate of
production of CCN (active at a supersaturation of 0.5%) from burning vegetable
matter is on the order of 10'* to 10'® per kg of material consumed (Eagan et al.
1974b). Thus, forest fires are a prolific source of CCN (Twomey 1960; Twomey
and Warner 1967, Warner and Twomey 1967; Warner 1968; Hobbs and Radke
1969; Woodcock and Jones 1970; Stith et al. 1981). Although sea salt particles
enter the air over the oceans, they do not appear to be a dominant source of CCN,
even over the oceans (Twomey 1968, 1971; Radke and Hobbs 1969; Dinger et al.
1970; Hobbs 1971), although, because of their solubilities and large sizes, they
may enhance precipitation by serving as giant CCN.

There appears to be a widespread and probably a fairly uniform source of
CCN over both oceans and land, the nature of which has not been definitely
established. A likely candidate is gas-to-particle conversion, which can produce
particles up to a few tenths of a micrometer in diameter that can act as CCN if
they are soluble and wettable. Gas-to-particle conversion mechanisms that
require solar radiation might be responsible for the observed peak in CCN
concentrations at ~6 p.m. Most CCN consist predominately of sulphates,
although some organic material is usually present. Over the oceans, organic
sulphur from the ocean, in the form of the gases dimethyl sulphide (DMS) and
methane sulphonic acid (MSA), provides a source of CCN, with the DMS and
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MSA being converted to sulphate in the atmosphere (Charlson et al. 1987,
Hoppel 1987; Luria et al. 1989; Gras 1990; Hegg et al. 1991a,b; Ayers and Gras
1991; Ayers et al. 1991; Pandis et al. 1994). Evaporating clouds also release
sulphate particles that are somewhat larger than non-cloud processed aerosol
because of the additional material deposited onto them in clouds (Radke and
Hobbs 1969; Easter and Hobbs 1974; Hegg et al. 1980; Hegg and Hobbs 1981;
Hoppel et al. 1986; Birmili et al. 1999; Feingold and Kriedenweis 2002). It has
been estimated that ~80% of sulphate mass globally is formed in the aqueous
phase, and the remainder from the gas phase. As expected from the Kohler
curves, larger sulphate particles serve more efficiently as CCN (Hegg 1985;
Leaitch et al. 1986; Lelieveld et al. 1997). The production of sulphates (and
maybe other soluble materials), followed by the release of these particles when
the droplets evaporate, is an important mechanism for increasing the efficiency
of CCN (Twomey and Wocjiechowski 1969; Hobbs 1971; Easter and Hobbs
1974). There are also a number of anthropogenic sources of CCN, which are
discussed in Chapters 3, 4 and 6.

2.2.2.3 Effects of CCN on the Microphysical Structures of Clouds

In a cloud we are concerned with the growth of a large number of droplets in a
rising parcel of air. As the parcel rises it expands, cools, and eventually reaches
saturation with respect to liquid water. Further uplift and adiabatic cooling
produces supersaturations that initially increase in proportion to the updraft
velocity. CCN are activated as the supersaturation rises, starting with the
most efficient CCN. When the rate at which water vapour in excess of satura-
tion is equal to the rate at which water vapour condenses onto the CCN and
droplets, the supersaturation in the cloud reaches a maximum value. The
concentration of cloud droplets is determined at this stage (which generally
occurs <100 m above cloud base) and is equal to the concentration of CCN
activated by the peak supersaturation that has been attained. Subsequently,
the growing droplets consume water vapour faster than it is made available by
the cooling of the air, so the supersaturation begins to decrease. The haze
droplets then begin to evaporate while the activated droplets continue to grow
by condensation. The rate of growth of a droplet by condensation is inversely
proportional to its radius, therefore the radius of the smaller activated dro-
plets grow faster than that of the larger droplets. Consequently, in this
simplified model, the size distributions of the droplets in the cloud become
increasingly narrower with time (i.e. the droplets approach a monodispersed
distribution). This sequence of events is illustrated by the results of theoretical
calculations shown in Fig. 2.7.

Comparisons of cloud droplet size distributions measured a few hundred
meters above the bases of non-precipitating warm cumulus clouds with droplet
size distributions computed assuming growth by condensation for about 5 min
show good agreement. The droplets produced by condensation during this time
period extend only up to about 10 um in radius. Moreover, as mentioned above,
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Fig. 2.7 Theoretical computations of the growth of cloud condensation nuclei by
condensation in a parcel of air rising with a speed of 60 cm s !. A total of 500 CCN ¢cm >
was assumed with im/M; values as indicated; m the mass of material dissolved in the droplet,
M; the molecular weight of the material, and i its van’t Hoff factor (i.e. the number of ions
produced by each molecule of the material when it dissolves). Thus, im/My is the effective
number of kilomoles of the material in the dissolved droplet. One can think of the terms im as
representing the particular chemical properties of the salt. Note how the droplets that have
been activated (im/Ms=10"">,107"%,10~'7) approach a monodispersed size distribution after
just 100s. (i.e. ~60 m above cloud base). The variation with time of the supersaturation of the
air parcel is also shown (dashed line). Adapted with modification from Howell (1949) with
permission of the American Meteorological Society

the rate of increase in the radius of a droplet growing by condensation is
inversely proportional to the drop radius, therefore, the rate of growth
decreases with time. It is clear, therefore, as first noted by Reynolds (1877),
that growth by condensation alone in warm clouds is much too slow to
produce raindrops with radii of several millimeters. Yet rain does form in
clouds that contain only water drops. The enormous increases in size required
to transform cloud droplets into raindrops is illustrated by the scaled diagram
shown in Fig. 2.8. For a cloud droplet 10 pm in radius to grow to a raindrop
1 mm in radius requires an increases in volume of one millionfold! However,
only about one droplet in a million (about 1 L") in a cloud has to grow by
this amount for the cloud to rain. The mechanism responsible for the selective
growth of a few droplets into raindrops in warm clouds is discussed in
Sect. 2.3.1.

Since the concentration of CCN generally increases in passing from oceanic
air sheds to continental air sheds to urban environments, the concentrations of
cloud droplets likewise increase, and the droplet growth rate with altitude above
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Fig. 2.8 Relative sizes of cloud droplets and raindrops; r is the radius in micrometers, n the
number per liter of air, and v the terminal fall speed in centimeters per second. The
circumference of the circles are drawn approximately to scale, but the black dot representing
a typical CCN is twenty-five times larger than it should be relative to the other circles (adapted
with modifications from Wallace and Hobbs 2006 with permission from the authors)

cloud base decreases, at least for non-precipitating clouds (e.g. Gerber 1996).
For example, droplet concentrations in non-polluted, non-precipitating marine
cumulus clouds are generally <100 cm > while they can reach values over
1000 cm ™~ in a polluted environment (Squires 1958) (Fig. 2.9). As we will see
in Sect. 2.3.1, clouds with large concentrations of droplets are more colloidally
stable and less likely to precipitate than clouds with small concentrations of
droplets.

Fig. 2.9 Cloud droplet I T T T T T
number distributions 1000 :
measured in stratocumulus
clouds in the vicinity of the
Azores by the FSSP-100
(circles) and PMS 1D
(diamonds) cloud probes,
averaged over 15 km of flight
path for case I—clean marine
air (light symbols and curve),
and averaged over 4 km of
flight path for case
2—continentally influenced 0.01

air (dark symbols and curve).

The vertical bars are the

geometric standard

deviations of the droplet

concentrations. From Garrett 0.0001 [~
and Hobbs (1995) with 1
permission of the American Droplet radius (um)
Meteorological Society
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The effects of CCN from anthropogenic sources on cloud structures and
precipitation are discussed in Chapters 6 and 7.

2.2.3 Ice Phase Processes

2.2.3.1 Nucleation of Ice

Ice particles can form either homogeneously or heterogeneously on some form
of ice nuclei (IN). Homogeneous nucleation can take place either directly from
the vapour or by freezing of cloud droplets. However, homogeneous nucleation
ofice crystals from the vapour, or the chance formation of an embryo of ice-like
structure of critical size, requires very high supersaturations with respect to ice
and such low temperatures that it does not take place in the troposphere. On the
other hand, homogeneous freezing of supercooled droplets by the chance for-
mation of a cluster of ice-like embryos can occur in the atmosphere.

For homogeneous freezing to occur, enough ice-like water molecules must
come together within the droplet to form an embryo of ice large enough to
survive and grow. If an ice embryo within a droplet exceeds a certain critical
size, its growth will produce a decrease in the energy of the system. On the other
hand, any increase in the size of an ice embryo smaller than the critical size
causes an increase in total energy. In the latter case, from an energetic point of
view, the embryo is likely to breakup.

Since the numbers and sizes of the ice embryos that form by chance aggrega-
tions increase with decreasing temperature, below a certain temperature (which
depends on the volume of water considered) freezing by homogeneous nuclea-
tion becomes a virtual certainty. Homogeneous nucleation occurs in about 1 s at
about —41°C for droplets about 1 pm in diameter, and at about —35°C for
drops 100 pm in diameter. An analogous freezing process occurs for unacti-
vated droplets or haze particles at temperatures below —40°C, a process for ice
formation in cirrus clouds (DeMott 2002). Hence, in the atmosphere, homo-
geneous nucleation by freezing generally occurs only in high clouds or high
latitudes.

If a droplet contains a rather special type of particle, called a freezing nucleus,
it may freeze by a process known as heterogeneous nucleation in which water
molecules in the droplet collect onto the surface of the particle to form an ice-
like structure that may increase in size and cause the droplet to freeze. Since the
formation of the ice structure is aided by the freezing nucleus, and the ice
embryo also starts off with the dimensions of the freezing nucleus, heteroge-
neous nucleation can occur at much higher temperatures than homogeneous
nucleation.

If the particle that initiates freezing is contained within the droplet, it is called
an immersion freezing nucleus. However, cloud droplets may also be frozen if a
suitable particle in the air comes into contact with the droplet, in which case
freezing is said to occur by contact freezing, and the particle is referred to as a
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contact nucleus. Laboratory experiments suggest that some particles can cause a
drop to freeze by contact freezing at temperatures several degrees higher than if
they were embedded in the drop (Fletcher 1962; Levkov 1971; Gokhale and
Spengler 1972; Pitter and Pruppacher 1973).

Recent laboratory experiments by Durant and Shaw (2005) showed that as
droplets evaporate, embedded aerosol particles become increasingly likely to
penetrate the air-water interface layer and promote freezing. They interpreted
this as evidence that contact freezing may be just as effective from the inside-out
as from the outside-in.

Certain particles in the air also serve as centers upon which ice can form
directly from the vapour phase. These particles are referred to as deposition
nuclei. Ice can form by deposition provided that the air is supersaturated with
respect to ice and the temperature is low enough. If the air is supersaturated
with respect to water, a suitable particle may serve either as a condensation-
freezing nucleus (in which case liquid water first condenses onto the particle and
subsequently freezes) or as a deposition nucleus (in which case there is no
intermediate liquid phase, at least on the macroscopic scale). It is generally
thought that condensation-freezing is preferred at smaller supercoolings and
large supersaturations, while deposition is preferred at large supercoolings and
small supersaturation. In practice, it is not easy to distinguish between deposi-
tion and condensation-freezing modes.

2.2.3.2 Properties of Ice Nuclei

If we refer to an ice-nucleating particle in general, without specifying its mode of
action, we call it an ice nucleus (IN). However, it should be kept in mind that the
temperature at which a particle can cause ice to form depends, in general, upon
the mechanism by which the particle nucleates the ice as well as upon the
previous history of the particle. The basic distinction that has to be made is
whether nucleation is from the vapour or from the liquid phase (Vali 1985).
Particles with molecular spacings and crystallographic arrangements similar
to those of ice (which has a hexagonal structure) tend to be effective as ice
nuclei, although this is neither a necessary nor a sufficient condition for a good
ice nucleus. Most effective ice nuclei are virtually insoluble in water. Some
inorganic soil particles (mainly clays) can nucleate ice at fairly high tempera-
tures (i.e. above —15°C), and they probably play an important role in nucleating
ice in clouds. Desert dust is known to be very good ice nuclei (DeMott et al.
2003a). For example, in one study, 87% of the snow crystals collected on the
ground had clay mineral particles at their centers and more than half of these
were kaolinite (Kumai 1951). Of course, it is only circumstantial evidence that
they served as ice nuclei. Many organic materials are effective ice nucleators
(Schnell and Vali 1976). Decayed plant leaves contain copious ice nuclei, some
active as high as —4°C. Ice nuclei active at —4°C have also been found in
seawater rich in plankton. In addition, some plant pathogenic bacteria have
also been found to be effective ice nuclei at temperatures as high as —2°C (Vali
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etal. 1976; Yankofsky etal. 1981; Levin and Yankofsky 1983; Levin et al. 1987).
Recently Von Blohn et al. (2005) have identified pollen as good ice nuclei at
warm temperatures.

In some cases, after a particle has served as an ice nucleus and all of the
visible ice is then evaporated from it, but the particle is not warmed above —5°C
or exposed to a relative humidity with respect to ice of <35%, it may subse-
quently serve as an ice nucleus at a temperature a few degrees higher than it did
initially (Roberts and Hallett 1968). This is referred to as preactivation. Thus,
for example, preactivated nuclei may be transferred between sequential wave
clouds and act at a higher temperature for the second and later clouds. How-
ever, preactivation is lost if the initially activated ice nucleus is either heated
above at least —5°C and/or is dehydrated to <~35% relative humidity with
respect to ice. Because preactivation can be lost if the particles are warmed or
dehydrated prior to testing in an IN counter, this behavior creates a significant
dilemma for IN measurements in almost any sampling scenario.

2.2.3.3 Variations of Ice Nuclei and Ice Particle Concentrations

Ice nucleus concentrations can sometimes vary by several orders of magnitude
over several hours (see also Chapters 5 and 6). Historically ice nuclei concen-
trations have been assumed as predictors of ice particle concentrations. Labora-
tory studies in the 1940’s and 1950’s using systems for low temperature
processing of ice nuclei collected on filters indicated that the variability in ice
nuclei concentration was strongly a function of temperature. Fletcher (1962)
derived an empirical relationship relating the increase of concentration of ice
nuclei with decreasing temperature:

InN = a(T) — T) (2.1)

where N is the concentration of active ice nuclei per liter of air, 7T is the air
temperature, and 7 is the temperature at which one ice nucleus per liter is active
(typically about —20°C) and a varies from about 0.3 to 0.8. For ¢=0.6,
equation (2.1) predicts that the concentration of ice nuclei increases by about
a factor of 10 for every 4°C decrease in temperature. In urban air the total
concentration of aerosol is on the order of 10® L™', and only about one particle
in 10® acts as an ice nucleus at —20°C.

Later laboratory studies (e.g. Huffman and Vali 1973; Huffman 1973a,b)
could not reproduce Fletcher’s N-T empirical relationship. Measurements in a
variety of field campaigns using a continuous flow diffusion chamber exhibited
considerable variability in IN concentration (Rogers et al. 1998; Rogers et al.
2001; DeMott et al. 2003a, Prenni et al. 2007). The variability in ice nuclei
concentration is likely not a simple function of temperature but also depends on
thermodynamical, dynamical and aerosol characteristics (DeMott et al. 1994).

The activity of a particle as a condensation-freezing or a deposition nucleus
depends not only on the temperature but also on the supersaturation of the
ambient air. The effect of supersaturation on measurements of ice nucleus
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Fig. 2.10 Ice nucleus RN I I L L
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concentrations is shown in Fig. 2.10, where it can be seen that at a constant
temperature the greater the supersaturation with respect to ice the more parti-
cles serve as ice nuclei. The empirical equation to the best-fit line to these
measurements (the straight line in Fig. 2.10) is:

N = exp{a + b[100(S; — 1)]} (2.2)

where N is the concentration of ice nuclei per liter, and S; is the supersaturation
with respect to ice, a=—0.639 and »=0.1296 (Meyers et al. 1992). These
measurements were obtained using a continuous flow diffusion chamber
(CFDC), which with the limited data exhibits roughly a factor of ten higher
concentrations of IN at warmer temperatures than older devices such as the
filter-processing systems. Recognizing the need to allow vertical and horizontal
variations in IN concentrations in mesoscale model simulations, Cotton et al.
(2003) modified equation (2.2) to include the prognostic variable Nyy:

Ni = Ny exp(12.96(Si — 1)) (2.3)

where T<—5°C. The variable Njy can be deduced from continuous flow
diffusion chamber data and used as a forecast variable in regional simulations
(van den Heever et al. 2006; van den Heever and Cotton 2007). Equations (2.1),
(2.2) and (2.3) only represent initial ice particle formation on IN and do not
necessarily represent actual ice particle concentrations because other processes
such as ice multiplication (see Sect. 2.2.3.4), sedimentation, breakup, and
advection can greatly influence the concentrations of ice particles. Note that
equation (2.3) allows for both horizontal and vertical variations in IN. Because
the aerosol contributing to IN are large and large aerosol generally decrease
with height (Georgi and Kleinjung 1968; DeMott et al. 2003b), we expect that
IN concentrations generally decrease with height as well.
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One should not therefore be surprised that many observations of ice particle
concentrations do not show a good correlation with temperature (Gultepe et al.
2001; Field et al. 2005). Gultepe et al. (2001), for example, compiled data from
the glaciated regions of stratus clouds for a number of field campaigns and
found that ice crystals smaller than 1000 um diameter do not show a good
correlation with temperature and that the concentrations of these smaller
ice particles varied up to three orders of magnitude for a given temperature
(Fig. 2.11). On the other hand, measurements of ice particle concentrations in
wave clouds where only “initial” ice particles are likely (Cooper and Vali 1981),
showed ice particle concentrations increasing with decreasing temperature.
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Fig. 2.11 Concentrations of ice particles, > 125 pm, from 2D-C probe measurements versus 7'
at standard conditions during BASE (open green circles), FIRE.ACE (blue triples) and CFDE
(open red circles) and from the earlier studies (black lines). Ice particles concentrations
averaged over 2°C intervals for all projects is shown with a blue line. The thick solid line
(7) is for Young (1974), dots (1) for Fletcher (1962), dashed lines (3) for Huffman and Vali
(1973) filled circles (6) for a fit applied to Rogers et al.(1996) observations and the thin solid line
(8) for Meyers et al. (1992). From Gultepe et al. (2001) with permission of the Royal
Meteorological Society
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In summary, we see that there remain many unanswered questions regarding
the concentrations of ice nuclei, their composition, their activation relative to
different environmental factors, and their relationship to ice crystal concentra-
tions. Work has been hampered by severe difficulties in precise measurement of
IN (see Chapters 5 and 6). Moreover, current field deployable devices for
measuring IN do not take into account activation of IN by contact freezing.
Fletcher’s or Meyers’ empirical curves are still used, and often misused, in
numerical models, ranging from cloud-resolving models to GCMs. These curves
at best only represent the concentrations of ice particles initially formed in clouds
and probably rarely represent ice particle concentrations in most cloud systems.

2.2.3.4 Concentrations of Ice Particles in Clouds: Ice Multiplication

As we have seen, it has become increasingly evident that concentrations of ice
crystals in “real” clouds are not always represented by the concentrations of IN
measured or expected to be activated in such environments. In particular, it has
been found that at temperatures warmer than —10C, the concentration of ice
crystals can exceed the concentration of IN activated at cloud top temperature
by as much as three or four orders of magnitude (Koenig 1963; Braham 1964;
Mossop and Ono 1969; Auer et al. 1969; Mossop 1970; Mossop et al. 1967,
1968, 1972; Magono and Lee 1973; Hobbs 1969, 1974). The effect is greatest in
clouds with broad drop-size distributions (Koenig 1963; Mossop et al. 1968,
1972; Hobbs 1974).

Some explanations or hypotheses that have been proposed to account for the
high ice particle concentrations observed in some clouds are as follows:

e Ice multiplication by fracturing of fragile ice crystals, which may breakup
during collision with each other. (Vardiman 1978).

e Fragmentation of large drops during freezing. (Mason and Mayban 1960).

e Secondary ice particle formation during ice particle riming. (Hallett and
Mossop 1974; Mossop and Hallett 1974).

e Enhanced ice nucleation in the presence of spuriously high supersaturations.
(Hobbs and Rangno 1985).

e Secondary ice particle generation during evaporation of ice particles
(Oraltay and Hallett 1989; Dong et al. 1994).

The process that has been given the most attention and quantified in models
is secondary ice particle formation by the rime-splinter process. Laboratory
studies by Hallett and Mossop (1974) and Mossop and Hallett (1974), con-
firmed by Goldsmith et al. (1976), have indicated that copious quantities of
splinters are produced during ice particle riming under very selective conditions.
These conditions are:

e Temperature in the range of —3 to —8°C.
e A substantial concentration of large cloud droplets (D > 24 pm).
e Large droplets coexisting with small cloud droplets (D < 12.3 um).
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An optimum average splinter production rate of 1 secondary ice particle for
250 large droplet collisions occurred at a temperature of —5°C.

This process is consistent with field observations, where the greatest depar-
ture from IN estimates of ice crystals occurs when clouds contain graupel
particles and frozen raindrops (Hobbs and Cooper (1987).

There is much indirect or inferential evidence that evaporation enhances ice
crystal concentrations. This evidence is perhaps more intriguing than it is
compelling. Some field studies have related unusually high ice nuclei numbers
or unusual increases in ice crystal numbers to circumstances in which clouds
were evaporating. Cooper (1995), for example, found a 100-fold increase in ice
crystal concentrations in the evaporation region of orographic layer clouds. The
largest ice enhancements in the Cooper study were observed in clouds with
temperatures approaching the onset temperature for homogeneous freezing.
Smaller enhancements were found in warmer clouds, and no enhancements
were found at temperatures warmer than about —20°C. Further evidence of the
possible role of evaporation nucleation has been presented by Field et al. (2001)
and Cotton and Field (2002). They show observational evidence, and support-
ing parcel modeling calculations from wave cloud studies, that suggest ice had
to form close to the downstream edge of wave cloud. Ice production coincident
with the start of the liquid cloud, or earlier, would have suppressed the observed
liquid cloud. Rapid ice crystal concentration enhancement versus expected IN
concentrations in cumulus cloud were also observed to originate in close
proximity to regions of cloud evaporation (Hobbs and Rangno 1985, 1990;
Rangno and Hobbs 1994). The development of ice in a cumulus turret near its
top at —18°C was followed by Stith et al. (1994). During the updraft stages low
ice concentrations were observed in the turret (similar to what would be
expected from primary ice nucleation), but during the downdraft stages the
ice concentrations increased by an order of magnitude. This observation cannot
be explained by rime splintering.

In summary, it is unlikely that all primary and secondary ice-forming pro-
cesses have been quantitatively identified. Other mechanisms may sometimes
operate, but their exact nature remains a mystery. In particular, our ability to
measure small ice crystals has significant errors and needs improvement. Con-
sequently, there are large uncertainties associated with our ability to simulate
the affect of aerosols on the initiation of ice, and subsequent impacts on
precipitation. This remains one of the critical problems in cloud physics.

2.3 Formation of Precipitation

Precipitation-sized particles can form by two mechanisms, known as the collision-
coalescence and the ice particle mechanisms. The collision-coalescence mechan-
ism can operate in clouds containing droplets, whether they are situated above or
below the 0°C level. The ice particle mechanism can operate only in clouds with
temperatures below 0°C that contain some ice particles.
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2.3.1 The Collision-Coalescence Mechanism

This mechanism for rainfall production involves the initial formation of a few
cloud drops with radii of about 20 pm by condensation onto CCN, followed by
their rapid and substantial growth as they fall through the air and collide with
smaller cloud droplets. If a drop increases in radius from 20 um to a radius
typical of raindrops, say 2 mm, its volume increases by a factor of one million.
In other words, about one million cloud droplets have to combine to form one
raindrop!

Due to the flow of air around a falling drop, a drop will not collect all of the
droplets that lie in its path. Calculated values of the collision efficiency, defined
as the ratio of the cross-sectional area over which droplets are collected to the
geometric cross-sectional area of the collector drop, are shown in Fig. 2.12. This
figure shows that the collision efficiency is negligible (<0.1) until a collector
drop attains a radius of about 20 um. Hence a few droplets need to grow to
20 um in radius by condensation if a cloud is to form raindrops by the collision-
coalescence mechanism. As the droplet grows by condensation alone, the rate of
increase in the radius slows (Fig. 2.13). However, after a droplet has reached a
radius of 20 um its collision efficiency increases rapidly with increasing size (Fig.
2.13), so the droplet grows increasingly fast by collision. Moreover, as droplets
get larger their cross sectional areas and fall velocities increase thereby increas-
ing the collection kernel between large and small drops. Were it not for the fact
that growth by collisions takes over as growth by condensation becomes
negligible, many clouds would not rain.

Another factor effecting droplet growth by collection is the efficiency with
which colliding drops coalesce. There is a good database of the efficiencies of
drop collision efficiencies (Beard and Ochs 1993) but somewhat poorer knowl-
edge of the coalescence efficiencies (Whelpdale and List 1971; Levin et al. 1973;
Beard and Ochs 1993; Ochs et al. 1995), between drops over the range 1—300
microns. It is generally assumed that coalescence efficiencies are close to unity
for small droplet collisions.
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Fig. 2.13 Schematic curves
of the growth of a drop (a)
by condensation and (b) by
collection of droplets

~20 um

Droplet radius

Time

The basic problem is how do drops grow to a radius of 20 um or greater fast
enough to allow precipitation growth during the lifetime of clouds?

For an idealized cloud, the mean volume droplet radius (R,) at any height
above cloud base, can be derived from the adiabatic water content at that
height, q.(h), and the number concentration of activated nuclei N as:

R, = (q(h)/(4/3mp,N))"/? (2.4)

For example, at a droplet concentration of 100 cm >, q.(h) must reach a value
of 3.2 g m ™ (slightly less than 2 km of vertical ascent), for the mean volume
radius to reach 20um. Since after CCN activation the droplet spectrum
approaches a monodispersed distribution, there are no droplets significantly
larger than R,. The adiabatic assumption provides an estimate of the maximum
droplet size, so that clouds growing in a polluted environment (N>500cm?)
should not be able to generate 20 um radius droplets during their lifetime, based
on the simplistic adiabatic model alone.

Four mechanisms have been hypothesized to explain how larger droplets or
precipitation embryos can form:

Role of giant cloud condensation nuclei.

Turbulence influences on condensation growth.
Turbulence influence on droplet collision and coalescence.
Radiative cooling of drops to form precipitation embryos.

2.3.1.1 Role of Giant Cloud Condensation Nuclei (GCCN)

Observations reported by Woodcock (1953), Nelson and Gokhale (1968),
Hindman (1975), Johnson (1976, 1982), and Hobbs et al. (1980) have shown
the presence of potentially significant concentrations of aerosol particles of
sizes as large as 100 pm. Their concentrations are ~10~> cm > (Woodcock
1953), that is, about one in 10° or 10® CCN are giant particles. Nevertheless,
these particles can have a significant effect on the development of precipitation
by serving as coalescence embryos (Johnson 1982; Feingold et al. 1999;
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Yin et al. 2000a). The droplets that form are large enough for coalescence to
start immediately even before the droplet reaches its critical size, based on the
Kohler equation. This can occur if the nuclei are completely soluble, such as sea
salt particles, or are mixed particles with a soluble coating (e.g. mineral dust
with a coating of sulphate, Levin et al. 1996) or are very large and wettable. The
presence of GCCN on precipitation formation has been investigated in a
number of cloud resolving models, which show that their contribution to rain
formation may be appreciable in polluted clouds but has little influence in
clouds forming in clean airmasses (Feingold et al. 1999; Khain et al. 2000).

2.3.1.2 Turbulence Influences on Condensation Growth

While the adiabatic model assumes a uniform updraft and a constant droplet
concentration, convective clouds are in fact made of a series of updrafts of
diverse intensities. The least vigorous updraft at cloud base also produces the
lowest droplet concentration during activation of the available CCN. Turbulence
further contributes to entrainment of dry environmental air in clouds, hence
reducing the liquid water content (LWC) below the adiabatic value and diluting
the droplet concentration below its initial value after CCN activation. Convec-
tive cells with a significantly reduced concentration might generate bigger dro-
plets than adiabatic cores if they experience further convective ascent (Baker
et al. 1980; Telford and Chai 1980, and Telford et al. 1984). Turbulence also
contributes to the continuous mixing of the convective cells, hence smoothing out
their differences in terms of concentration and droplet growth.

Airborne measurements performed in cumulus clouds with the high resolu-
tion droplet spectrometer Fast-FSSP (see Chapter 6) reveal the occurrence of
very narrow droplet spectra in cloud cores (Brenguier and Chaumat 2001).
However, droplet spectra are often much broader than the narrow adiabatic
reference, with droplet sizes extending from zero to the maximum predicted by
the adiabatic model. This reflects the impact of mixing between convective cells
that have experienced various levels of dilution with the entrained air. There are
also airborne observations in stratocumulus clouds showing negative correla-
tions between droplet concentration and droplet sizes (i.e. Fig. 7 in Pawlowska
and Brenguier 2000). This corroborates the hypothesis that fluctuations of the
updraft intensity at cloud base, or ascent of diluted cloud cells, might contribute
to the formation of droplets bigger than predicted assuming adiabatic ascent. In
deeper clouds, airborne cloud traverses at a given level all look rather similar in
term of droplet concentration and sizes, suggesting that concentration/size
correlations become progressively smaller due to continuous mixing.

Numerical simulations (Vaillancourt et al. 2002; Shaw et al. 1998) suggest that
turbulence may also generate concentration fluctuations at the microscale level
by inertia in regions of high vorticity. This can lead to droplet growth in micro-
cells exceeding estimates in adiabatic cells and will exhibit the lowest concentra-
tions. In situ measurements of the droplet spatial distribution at the microscale
level (Chaumat and Brenguier 2001) did not support this hypothesis, however.
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In summary, there is no observational evidence that turbulence contributes
to the formation of precipitation embryos by enhanced condensation growth.
In fact, stochastic processes induced by turbulence are not likely to enhance
droplet growth because condensation is a cumulative process. To experience
superadiabatic growth, droplets need to remain isolated in regions of higher
supersaturation for a significant part of their ascent. The probability of this
occurring are low, as mixing continuously redistributes droplets in the cloud.
Turbulence is more likely to affect a discontinuous process like collision, since
once droplets coalesce, they cannot be separated.

2.3.1.3 Turbulence Influence on Droplet Collision and Coalescence
Turbulence can influence the collision and coalescence process in 3 ways:

e By enhancing collision efficiencies.
e By enhancing the collection kernels.
e By producing inhomogeneities in droplet concentration.

The collision efficiencies we discussed earlier were calculated in laminar or
stagnant flow. In turbulent flow droplets will be accelerating, and thereby be
able to cross streamlines more efficiently than in laminar flow, resulting in
enhanced collision efficiencies. Large droplets, having more inertia, will be
affected more by turbulence than smaller drops. Calculations by Koziol and
Leighton (1996) suggest that this effect is small for droplets smaller than 20pum
diameter.

However, turbulence can also cause fluctuations on vertical fall speeds and
horizontal motions, such that the collection kernel is enhanced relative to that
defined in laminar flow (Pinsky and Khain 1997a; Khain and Pinsky 1997),

Because the collection rate is proportional to the square of droplet concen-
trations, inhomogeneities in droplet concentrations due to turbulence can
produce enhanced droplet collection rates in regions where the droplet concen-
trations are locally enhanced, such as in regions of low vorticity (Pinsky and
Khain 1997b).

2.3.1.4 Radiative Cooling of Drops to Form Precipitation Embryos

Consider a population of droplets that resides near cloud top for a sufficiently
long time. The droplets will emit radiation to space quite effectively if the
atmosphere above is relatively dry and cloud free. The droplets will thus be
cooler than if radiative effects were not considered. The saturation vapour
pressure at the surface of the droplets will therefore be lowered and the droplets
will grow faster.

However as radiation cooling is proportional to the cross sectional area of a
droplet, its effectis much greater on larger droplets than small ones (Roach
1976; Barkstrom 1978; Guzzi and Rizzi 1980; Austin et al. 1995). In a marine
stratocumulus environment, where droplets are competing for a limited supply
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of water vapour, the larger droplets grow so rapidly by radiative enhancement
that droplets smaller than 10 pm in radius evaporate, producing a bimodal size
spectrum. (Harrington et al. 2000). This process is only effective in clouds where
droplets reside near cloud top for time scales of 12 min or longer, such as fogs,
stratus, and stratocumulus. Cumulus clouds with vigorous overturning, how-
ever, “expose” droplets that can radiate to space for too short a time for this
process to operate.

2.3.1.5 Mature Phase of Liquid Precipitation Formation

Once precipitation embryos form they rapidly collect smaller droplets. They
then transform into drizzle and raindrops in a matter of minutes if the liquid
water content in clouds in great enough. The final size spectrum of the rain-
drops is determined by the liquid water content in the clouds, as well as their
trajectories through updrafts and downdrafts in the cloud. Moreover, rain-
drops may breakup either spontaneously or by colliding with other raindrops
and breaking up. Thus, the final size-spectrum of raindrops is influenced by the
breakup process.

In summary, the ultimate control on the initiation, evolution, and intensity
of rainfall from warm clouds is the temporal-spatial structure of a cloud’s
updrafts/downdrafts and the liquid water content (LWC). These properties,
along with the initial activated droplet population, provide the boundary con-
ditions (i.e. time scales) for particle growth that determines the intensity and
duration of precipitation. Each droplet must first undergo nucleation, then
condensation growth, followed by some mechanism of forming collection
embryos, then stochastic collection, followed by continued raindrop collection
of smaller drops and then breakup. All these steps take time. Thus critical to the
formation of mature rain is whether or not the cloud lifetime and parcel life-
times are long enough to allow all these steps to operate.

In simplest terms the clouds most likely to produce the most precipitation by
exclusively liquid phase processes are maritime and warm-based. By maritime
are meant clouds forming in a clean atmosphere with low CCN concentrations.
If a cloud is warm-based then its saturation mixing ratio at cloud base is high.
For example, a cloud with a base temperature of 24°C has a saturation mixing
ratio of roughly 20 g kg~!, whereas one with a base temperature of 5°C has a
saturation mixing ratio of <6 gkg~'. A cloud with a warm base has a depth of,
say, 3 km it has a much greater potential of condensing a large amount of
condensate than a cloud of similar depth having a higher, cold cloud base. We
sometimes refer to warm-based, maritime clouds as being colloidally unstable
(see Cotton and Anthes 1989).

By contrast, a cloud that is cold-based and forms in a continental or an
aerosol-polluted environment, has a much smaller chance of producing pre-
cipitation and is said to be colloidally stable. The potential for liquid phase
precipitation formation in most clouds will be between these two extremes.
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2.3.1.6 Ice Particle Mechanisms

In regions of clouds lower than 0°C, supercooled water droplets can be present
with or without coexisting ice particles. In Sect. 2.2.3, we discussed the nuclea-
tion of ice in clouds and ice multiplication mechanisms. The growth of ice
particles to precipitation sizes in mixed clouds is now considered.

As early as 1789 Benjamin Franklin (1789) wrote “It is possible that, in
summer, much of what is rain, when it arrives at the surface of the Earth,
might have been snow, when it began its descent, but being thawed, in passing
through the warm air near the surface, it is changed from snow to rain.” This
idea was not developed until the early twentieth century, when Wegener (1911)
noted that ice particles would grow preferentially by vapour deposition in a
mixed cloud. Subsequently Bergeron (1933) and Findeisen (1938) developed
this idea in a more quantitative manner.

In a mixed cloud dominated by supercooled droplets the air is close to
saturation with respect to liquid water and is therefore, supersaturated with
respect to ice. For example, air saturated with respect to liquid water at —10°C
is supersaturated with respect to ice by 10%, and at —20°C, the air is super-
saturated with respect to ice by 21%. These supersaturations with respect to ice
are much greater than the supersaturations of cloudy air with respect to liquid
water, which rarely exceed 1%. Consequently, in mixed clouds dominated by
supercooled water droplets, ice particles will grow from the vapour phase much
more rapidly than droplets. This can lead to a variety of ice crystal types, some
of which may be large enough to precipitate. This process is generally referred
to the “vapour growth stage” of ice particle growth.

In a mixed-phase cloud, ice particles can also grow by colliding with
supercooled droplets, which then freeze onto them. This growth process,
which is referred to as riming, can produce heavily rimed ice particles,
graupel particles and, if the cloud is deep enough, contains sufficient super-
cooled water, and updrafts are strong, hailstones can form. Finally, ice
particles in a cloud may collide and aggregate with each other, leading to
larger particles, which are called aggregates. Unfortunately the collision and
coalescence efficiencies of ice particles riming cloud droplets are not well
documented. Even more poorly quantified are the collision and coalescence
efficiencies, and collection kernels among ice particles undergoing
aggregation.

The growth of ice particles, first by deposition of water vapour followed by
riming and/or aggregation, can produce precipitation-sized particles. If tem-
peratures at ground level are below 0°C, these particles will reach the ground as
snow; if the surface temperature is above 0°C, the ice particles will partially
melt, or melt completely, and reach the ground as wet snow or rain. An increase
in the concentration of cloud droplets, accompanied by decreases in the average
size of the droplets (which can be caused by an increase in the concentration of
CCN), may decrease growth by riming due to the lower collection efficiency of
smaller droplets (Borys et al. 2000, 2003).
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In deep convective clouds the rapidity of glaciation is dependent upon the
presence of drizzle drops and large supercooled raindrops (Cotton 1972a,b;
Koenig and Murray 1976; Scott and Hobbs 1977). When CCN concentrations
are high, liquid phase precipitation collection processes are suppressed and
supercooled raindrops are few in number. Small ice crystals must then grow
to several hundred micrometers in diameter before they begin collecting cloud
droplets. The riming process then proceeds slowly until the ice particles have
grown to millimeter-size. Furthermore, since riming is suppressed in clouds
forming in air masses with high CCN concentrations, secondary ice particle
production by the rime-splintering process (Hallett and Mossop 1974; Mossop
and Hallett 1974) is suppressed as well.

If the updrafts and liquid water contents in deep cumulonimbi are large
enough, graupel particles, frozen raindrops and large aggregates can serve as
embryos for hailstone formation (Heymsfield et al. 1980). At first the density
of graupel particles is low, as the collected frozen droplets are loosely
compacted on the surface of the graupel particle. As the ice particle becomes
larger, it falls faster, sweeps out a larger cross-sectional area, and its growth
by collection of supercooled droplets increases proportionally. As the
growth rate increases, the collected droplets may not freeze instantaneously
upon impact. The unfrozen water can thus flow over the surface of the
hailstone filling in the gaps between collected droplets. The density of the
ice particle, therefore, increases close to that of pure ice as the dense hail-
stone falls still faster, growing by collecting supercooled droplets as long as
the cloud liquid water content is large. The ultimate size of the hailstone is
determined by the amount of supercooled liquid water in the cloud and the
time that the growing hailstone can remain in the high rainwater region. The
time that a hailstone can remain in the high liquid water content region, in
turn, is dependent on the updraft speed and the fall speed of the ice particle.
If the updraft is strong, say 35—40 m s~ ', and the particle fall speed through
the air is only on the order of 1—2 m s~ !, then the ice particle will be rapidly
transported into the anvil of the cloud before it can take full advantage of the
high liquid water content region. The ideal circumstance for hailstone
growth is that the ice particle reaches a large enough size as it enters the
high liquid water content region of the storm so that the ice particle fall speed
nearly matches the updraft speed (Foote 1984). In such a case, the hailstone
will only slowly ascend or descend while it collects cloud droplets at a very
high rate. Eventually the hailstone fall speed will exceed the updraft speed,
or it will move into a region of weak updraft or downdraft. The size of the
hailstone reaching the surface will be greatest if the large airborne hailstone
settles into a vigorous downdraft, as the time spent below the 0°C level will
be lessened and the hailstone will not melt very much. Thus, a particular
combination of airflow and particle growth history is needed to produce
large hailstones.

In summary, hail growth is most likely if the convective storm updrafts are
strong, if the liquid water contents are large, the storm is deep and long-lived,
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and the melting level is low relative to the ground (Foote 1984). There is some
limited modeling work that suggests the concentrations of CCN and IN are
factors in hail formation (Danielsen 1977).

2.3.2 Summary of Cloud Microphysical Processes

In preceding sections we have seen that the evolution of precipitation in
clouds can take on a variety of forms and involve numerous physical pro-
cesses. The evolution of ice-phase precipitation processes is greatly depen-
dent upon the prior or concurrent evolution of the liquid-phase. These
processes, in turn, are dependent upon the characteristics of the air mass
(i.e. aerosols), the liquid-water production of the cloud, the vertical motion
of air within the cloud, the turbulent structure, and the time scales of the
cloud. Illustrated in Fig. 2.14 are the different precipitation paths that may
occur, depending upon whether the cloud is a cold-based continental cloud
or a warm-based maritime cloud. Remember from earlier discussions that
the term maritime cloud is used to represent a very clean airmass and
continental cloud to represent an airmass with much higher CCN concen-
trations. A polluted cloud would have still higher CCN concentrations. The
figure does not note the speed by which these regimes can produce precipita-
tion. We have pointed out earlier that a cloud with a vigorous warm rain
process, referred to in the figure as a warm-based maritime cloud, will
produce precipitation much faster than a cold-based continental cloud.
The rapidity of glaciation of a warm-based maritime cloud is much faster
than a cold-based maritime cloud, since the presence of drizzle drops and
supercooled raindrops, once frozen, can rapidly transform a cloud from an
all water cloud to an ice-dominated cloud. This should not be interpreted to
mean that the largest precipitation elements, such as hail would, occur in a
warm-based maritime cloud. In fact just the opposite can take place as a
vigorous precipitation process lower in the cloud can deplete supercooled
water amounts higher up and lower the trajectory of precipitation elements,
leading to smaller sized hailstones (see Chapter 8).

Figure 2.14 illustrates the two distinctly different regimes. In fact there is a
continuum of cloud types between these two extreme states. The heaviest
precipitating clouds, and generally most efficient, are those that are warm-
based and form in maritime airmasses. By contrast, clouds developing in a
polluted airmass should be less efficient in producing precipitation than
similar clouds with the same cloud base temperatures. This simple reasoning
is valid only for single clouds and storms. As will be seen in Chapter 7, in some
cases a suppression or retardation of precipitation in a primary convective cell
could lead to a transformation of a cloud into a long-lived squall line through
the interaction of cold-pools with wind shear, leading to self-propagating
storms.
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Fig. 2.14 Flow diagram describing microphysical processes, including different paths for
precipitation formation. From Cotton and Anthes (1989) with permission of W.R. Cotton

2.4 Precipitation Efficiency

The term precipitation efficiency (PE) has many definitions in the literature and
generally refers to the fraction of either the water vapour input at cloud base or
condensed water in cloud that falls out as precipitation. Instantaneous values of
PE vary from near zero early in the lifetime of a cloud before precipitation has
commenced, to values exceeding 100% during the dissipation stages of a storm,
when cloud-base moisture fluxes are near zero (Market et al. 2003). Doswell et
al. (1996) suggest that PE is most meaningful when averaged over the storm
lifetime. Market et al. (2003) propose that it is best to define a volume around a
moving system and employ storm-relative winds in evaluating PE. In this way
storm-averaged PE can be obtained for a moving system. PE estimates from
different studies are problematic to compare because of differing definitions of
PE, different data sources such as aircraft in situ versus radar measurements,
and different time and spatial averaging (Hobbs et al. 1980).

Fankhauser (1988) presented one of the most detailed studies of thunder-
storm precipitation efficiency. Data were taken from seven storms during the
Cooperative Convective Precipitation Experiment (CCOPE) using aircraft,
rawinsondes, a surface mesonetwork and radar histories. Calculated PE values
ranged from 19 to 47%. Various environmental quantities, such as kinetic
energy, cloud base area and height, and cloud base mixing ratio were found
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to be factors that had a strong positive correlation to PE levels. It was also
found that variables such as the bulk Richardson number, the ratio of buoyant
energy to the amount of wind sheer, and convective available potential energy
(CAPE), a measure of potential updraft strength, did not correlate well with PE.

Another strategy for estimating precipitation efficiencies is to use drying
ratio (DR), as proposed by Smith et al. (2003).

DR = totalprecipitation/vapourflux (2.5)

DR encapsulates the moisture budget of the large-scale air mass transforma-
tion. Because PE requires an estimate of vertical air velocity at cloud base, it is
subject to rather large errors in those measurements. Since DR uses the ratio of
precipitation to water vapour flux, it is easier to quantify than PE. Moreover,
DR can be estimated using hydrogen and oxygen isotope analysis, which
permits evaluation using streamflow or sapwood collected near a stream. Iso-
tope analysis indicated a DR value of 43% for the combination of the coastal
and Cascade mountain ranges in western Oregon and 48% for the southern
Andes (Smith et al. 2005; Smith and Evans 2007).

To date no one has made estimates of storm-averaged PE or DR for storms
developing in environments containing different cloud-nucleating aerosol con-
centrations. Such work should be encouraged as a means of determining the
impact of aerosols on precipitation while accounting for different water vapour
and vertical air motion conditions.



Chapter 3
Sources and Nature of Atmospheric Aerosols

Meinrat O. Andreae, Dean A. Hegg and Urs Baltensperger

3.1 Introduction

In view of the nonlinear and spatiotemporally complex interactions between
aerosols, clouds and precipitation, it is quite inadequate to represent acrosols by
the conventional approach of atmospheric pollutant cycles, i.e. by specifying
sources, burdens and sinks in terms of masses of particular acrosol components
or “species”. The basic information required for modeling the role of aerosols in
cloud and precipitation processes is the 4-D distribution of the number con-
centration of particles that can be activated at the supersaturations occurring in
clouds (cloud condensation nuclei, CCN) or that can initiate the formation of
ice particles, especially at temperatures above the level of homogeneous freezing
of cloud droplets (ice nuclei, IN). This information is difficult or impossible to
derive from conventional studies of aerosol cycles, such as those that formed the
basis of the section on aerosol sources and burdens in the IPCC-TAR report
(Penner et al. 2001). Several problems present themselves:

Firstly, the very concept of “source strength” is difficult to define for some
aerosol types, since the secondary aerosol species (e.g. sulphates, secondary
organics) are not directly emitted, but are formed in the atmosphere from
gaseous precursors. For these species, the “source” is a set of atmospheric
reactions, not a surface emission process, and therefore the production rate
depends sensitively on the efficiency of these reactions. These “sources” cannot
be derived from measurements, but have to be inferred from measurements of
the source strength of precursors, the (always incomplete) knowledge of atmo-
spheric transformations, and a formal or informal inversion of measurements
of atmospheric burdens. The source estimates for these aerosols therefore
depend strongly on how the source processes are represented in the models.

Secondly, the conventional mass-based treatment of aerosol fluxes does not
take into account the fact that the properties of aerosol particles can vary
strongly with particle size, and that the cloud-physical effects of aerosols
depend on number concentrations, not on mass concentrations. For example,

M.O. Andreae (X))
Max Planck Institute for Chemistry, Mainz, Germany

Z. Levin, W.R. Cotton (eds.), Aerosol Pollution Impact on Precipitation, 45
© Springer Science+Business Media B.V. 2009



46 M.O. Andreae et al.

the largest number concentration of cloud-active sea salt particles resides in the
submicron size fraction, which represents only a very minor mass fraction of the
sea salt aerosol. On the other hand, this fraction of the sea salt acrosol has quite
different atmospheric sink mechanisms and lifetime than the coarse sea salt
mode, which dominates the mass source strength and burden of the aerosol
component. Similar considerations apply to mineral dust and primary biogenic
aerosols (see Chapter 4).

A third problem arises from the fact that aerosol species often combine to
form mixed particles, with properties and atmospheric lifetimes different from
those of their components. Even though the direct radiative effects of these
“internal mixtures” may be substantially different from those of “external”
mixtures (Jacobson 2001; Chung and Seinfeld 2002), this distinction has been
ignored in many analyses of the global aerosol system. However, for the effects
of aerosols on clouds, even relatively small amounts of soluble material in or on
otherwise insoluble particles can cause large differences, and the mixing state of
the aerosol cannot be ignored.

It follows from these considerations that a meaningful analysis of the sources
and burdens of cloud-active particles cannot be achieved through emission
inventories, as it has been done typically for atmospheric trace gases. Rather,
it must take the form of an atmospheric model that contains emissions of
precursor gases and primary acrosol species, and accounts for transformations
and sink terms of precursor species, as well as the various acrosol components.
The model must carry either explicitly or in parameterized form information
about the number/size distribution of soluble and wettable materials, ice-
nucleating ability, and the interactions between gas phase and various con-
densed phases. Fundamentally, therefore, the issue of aerosol sources cannot be
separated from an analysis of transport and atmospheric processes and must be
treated interactively within the framework of a numerical model that represents
these processes. Unfortunately, this type of approach is still in its infancy. One
of the most complete analyses (suitable for long-term climate simulations) to
date is represented in the aerosol-climate model ECHAMS-HAM (Stier et al.
2005). In this model, the major aerosol components sulphate, particulate
organic matter (POM), black carbon (BC), sea salt and mineral dust are
determined through an aerosol module that is interactively connected to a
climate model. In a somewhat complementary approach, the distributions of
ammonium sulphate and nitrate acrosols have been modeled using prescribed
meteorology and a detailed description of gas/aerosol partitioning (Metzger
et al. 2002a).

In the following sections we will present an updated inventory of emission
fluxes, production rates, and burdens for the major acrosol species, providing
information about particle numbers when possible. For selected acrosol types,
we will provide spatial information in the form of 2D distribution maps.
Ultimately, however, it must be acknowledged that this information just repre-
sents a convenient visualization of the spatiotemporally resolved distributions,
which can be fully represented only in the form of aerosol modules in coupled
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aerosol-climate models. In addition, these data are results from one particular
global aerosol model (ECHAMS-HAM) and do thus include the uncertainties
connected to such simulations (Textor et al. 2004).

3.2 Natural and Anthropogenic Sources of Atmospheric Aerosols

Aerosol sources are classified into primary and secondary types. Primary aero-
sols are those that are emitted into the atmosphere directly as condensed solids
or liquids, whereas secondary aerosols are formed within the atmosphere from
gaseous precursors. Sea salt, mineral dust and soot particles are clearly primary
particles, whereas organic particles from the oxidation of volatile organic
compounds (VOC) and sulphates from the oxidation of SO, or other sulphur-
containing gases are clearly secondary. There is a “grey zone” between primary
and secondary in the case of some low-volatility organic compounds that
condense onto aerosol near, but not directly within, emitting sources, such as
some hydrocarbons in vehicular exhaust or condensable from biomass burning.
We will discuss these materials together with the strictly primary emissions,
taking into account that the definition of secondary aerosol formation involves
chemical transformation from more volatile precursors (Fuzzi et al. 20006).

3.2.1 Soil Dust

Soil or mineral dust is the most conspicuous aerosol component in satellite
imagery of global aerosol distributions (see Fig. 3.1). Many estimates of source
strength and burden have been published; much of the older work has been
summarized by Duce (1995), while the more recent literature has been reviewed
by Tegen (2003) and Zender and Tegen (2004). The estimates of global annual
source fluxes are in the range of 1000-2150 Tga~', and have not changed much
since the reviews of Andreae (1995) and IPCC-TAR (2001). There has been
tremendous improvement, however, in the sophistication of the dust deflation
and transport models used and in the techniques used for validation of the
models, especially the use of remote sensing (Israelevich et al. 2002; Tegen et al.
2002; Werner et al. 2002; Luo et al. 2003; Zender et al. 2003; Miller et al. 2004;
Tegen et al. 2004). The range of burdens predicted by these models, 8-36 Tg,
remains still quite large, mostly due to differences in the way deposition pro-
cesses are treated in the models. These differences result to a substantial extent
from different assumptions regarding the size distribution of the dust aerosol.

There are major discrepancies in the size distributions of the mineral dust
aerosol predicted by the models and observed by various techniques. Near the
sources, the mass distribution peaks at large sizes, 10 pm or greater, in observa-
tion and models. At the source, about 10% of the dust is in the submicron
fraction (Tegen et al. 2002; Luo et al. 2003). More relevant at the regional and
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Fig. 3.1 Typical particle Particle Number Size Distribution
number size distribution.
, ) 1000 -
The shaded band represents Fine particles Coarse particles
the range of sizes activated
, , , Aitk
as CCN at Q3% SS, a 800 - bl
typical median SS in clouds
&
£ 600 -
©,
DD' Accumulation
87 mode
£ 400-
=2 Nucleation
© mode
200
Coarse mode
0 I i R e ST I
1 10 100 1000 10000
Dp [nm]

global scales is the size distribution in the atmospheric burden after some
atmospheric transport and processing has taken place. In the models, mass
median diameters (MMD) are typically 2.5 um or less. In a study using the
NASA GISS atmospheric general circulation model (AGCM) with interactive
treatment of dust flux and climate, Miller et al. (2004) obtain a substantially
lower dust MMD (~1.6 pm) than in an off-line tracer model (~3 pm). Observa-
tions show at least twofold higher sizes than the model predictions, with some
internal disagreement between different measurement approaches. Measure-
ments of dust MMD by aerodynamic methods give a mean of 4.5+1.3 um, in
good agreement with the results from optical inversion methods (5+1.5 pm),
but considerably below values obtained by optical counter methods (Reid et al.
2003). Since the current dust models are being constrained by data obtained by
various combinations of these observational approaches, and in turn used to
predict radiative forcing, substantial problems related to non-physical parame-
terizations may result.

Detailed analysis of dust source areas in recent years has shown that there are
areas with particularly strong dust emission potential (“preferential source
areas”), in particular dry lake beds in arid areas (Israclevich et al. 2002; Prospero
et al. 2002; Tegen et al. 2002; Zender et al. 2003). These regions are also of special
relevance to the issue of aerosol/cloud effects, as they contain a higher fraction of
clay-size (1 um or less) particles and therefore have the potential of releasing an
over-proportionally higher number fraction of particles compared to the coarser
desert dust particles. They also include soluble residues from the evaporation of
the lake water, which renders them highly suitable as CCN (Formenti et al. 2003).
Clay minerals are also known to be effective ice nuclei, although, presumably,
these minerals from dry lakes may behave quite differently than ones from higher
deserts due to the additional soluble content.
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Dust emission shows substantial variability at all time scales from the last
glacial maximum to the anthropogenically influenced present and in simula-
tions of the future. This variability is related to changes in vegetation cover, soil
moisture, and anthropogenic disturbance of the soil and vegetation surface, as
well as to changes in climatic parameters such as wind speed and precipitation
(Mahowald et al. 2002; Tegen et al. 2002; Werner et al. 2002; Luo et al. 2003).
Variability at interannual to decadal time scales makes longer-term trends hard
to discern. Earlier views that anthropogenic soil disturbance was responsible for
as much as half of the present-day dust flux have been revised downward in the
last few years, and the contribution of dust from agricultural activities is now
estimated to be <10% (Tegen et al. 2004). Since dust affects precipitation
through both radiative transfer and cloud microphysics, there is a feedback
through soil moisture on dust emission. Dust exerts a negative forcing at the
surface and a positive one in the atmosphere. The magnitudes of these forcings
are dependent on the optical properties (mineralogy) of dust, which are still
poorly known. Model calculations by Miller et al. (2004) suggest that increased
dust loadings results in more rain in the Sahara, thus producing a negative
feedback. In their model, which does not include the effects of dust on cloud
physics, dust reduces global rainfall, thus lengthening the lifetime of aerosols,
and increasing the burden of dust and other aerosols.

Dust fluxes and burdens in future decades will depend strongly on changes in
land cover and climate, but reliable estimates cannot be made at present. One
estimate suggests that dust fluxes may decrease with future land use and climate
change by 10-60% by 2100 (Mahowald and Luo 2003), while another suggests
smaller changes (10-25%), with increases or decreases possible depending on
which climate/land-cover model is used (Tegen et al. 2004). Because of the
strong dependence of dust mobilization on windspeed (increasing with a
power of approximately 3—4), dust fluxes in future climates are highly sensitive
to changes in the wind regimes in dust source areas.

For an analysis of the impact of dust aerosols on clouds and precipitation,
the most important information would be the distribution of the number
concentration of dust particles that can act as CCN, giant CCN (GCCN),
and IN. Unfortunately, the published studies on dust budgets do not provide
this information. The issue is further complicated by the fact that dust particles
may or may not contain soluble materials already at the time of emission, e.g. in
the form of evaporation residues, or that they may become coated with sul-
phate, nitrate, or other soluble salts during atmospheric processing, especially
in clouds (Levin et al. 1996; Yin et al. 2002; Trochkine et al. 2003). Most of the
dust models carry information about number size distributions, explicitly or
implicitly through specification of the modal or bin characteristics of the mass/
size distributions. The number maximum of the dust aerosol mode is generally
well below 1 um diameter. For example, Zender et al. (2003) show the number
maximum at 0.6 um diameter. Given the relatively high contact angles between
water and silicates (Pruppacher and Klett 1997), we would expect that most of
these particles would not be able to act as CCN at commonly found
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supersaturations, unless they were coated with soluble material. If they are not
activated as cloud droplets, a substantial fraction of dust particles can remain as
interstitial aerosol in convective clouds and reach the middle and upper tropo-
sphere, where they can act as IN. If, on the other hand, large dust particles
contain appreciable amounts of soluble material or are coated with soluble
substances, they can play an important role as GCCN (see Chapter 4). In
summary, we find that the source fluxes and burdens of dust aerosols, and the
CCN- and IN-active fractions of this aerosol, depend strongly and interactively
on atmospheric processes, especially on their behavior in clouds.

3.2.2 Sea Salt

Sea salt aerosols are generated by various physical processes, especially the
bursting of air bubbles entrained during whitecap formation and the tearing of
droplets from wave tops (Schulz et al. 2004). The rates of particle production by
both mechanisms are strongly dependent on wind speed, with production of
spume droplets from wave tops occurring only at wind speeds >9 m s~ '. Under
moderate wind regimes, sea salt particle number concentrations are typically
about 10 cm ™ or less, while under high wind conditions (>10 m s~ '), their
concentration can rise to 50 cm > or more (O’Dowd et al. 1997; Shinozuka et al.
2004).

In ocean regions where wind speeds are high and/or other aerosol sources are
weak (such as the winter-time remote oceans of the Southern Hemisphere) sea
salt may be the dominant contributor to CCN (O’Dowd and Smith 1993;
Murphy et al. 1998a; Quinn et al. 1998; Gong et al. 2002; Shinozuka et al.
2004). By presenting a primary aerosol surface area, sea salt can also inhibit new
particle formation.

Sea salt particles cover a wide size range (~0.05-10 um diameter), with most
of their mass in the supermicron range. The highest number concentration of
sea salt particles, however, is in the submicron range, with a pronounced
number mode at ~500 nm, and significant number concentrations still present
at 100 nm (Campuzano-Jost et al. 2003). Unfortunately, field observations of
sea salt particles presently only reach down to ~100 nm (O’Dowd et al. 1997,
Murphy et al. 1998a; Campuzano-Jost et al. 2003), but laboratory studies of sea
salt aerosol production by Martensson et al. (2003) indicate that the maximum
of the number distribution is actually somewhat below 100 nm (~50-80 nm).
Very small sea salt particles, with a number maximum around 20-30 nm, were
found to be produced by coastal breaking waves (Clarke et al. 2003). This is
supported somewhat indirectly by measurements of particle flux from the sea
surface (Nilsson et al. 2001) that also yield a mode at or below 100 nm, but in
this study the composition of these particles could not be identified as sea salt.

A substantial source of very small sea salt particles could be of importance to
the marine CCN budget even if they are below the critical diameter for droplet
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activation at the low supersaturations in marine stratus clouds, because they
can serve as nuclei for the growth of sulphate particles from the oxidation of
dimethyl sulphide (DMS), which is produced from ocean biota (Charlson et al.
1987). Direct production of sulphate particles by homogeneous nucleation is
thought to be only rarely possible in the clean marine atmosphere (Pirjola et al.
2000). On the other hand, larger sea salt particles also serve as a sink for gaseous
H,SO,4 molecules, thereby reducing the amount of sulphate available for the
formation of accumulation mode particles (Gong and Barrie 2003). In sum-
mary, sea salt particles are only a minor fraction of the CCN population under
most situations, except for the winter Southern Ocean, North Atlantic and
North Pacific. There is evidence for the existence of fine and ultrafine sea salt
particles, but their abundance and their direct or indirect role as CCN source
remains unclear. More detailed studies on the size distribution, composition,
and production rates of the submicron marine aerosol will be required to
resolve these issues.

Several studies in the last few years have shown that “sea salt” aerosol
actually contains a substantial amount of organic matter, consisting both of
insoluble material (biological debris, microbes etc.) and water soluble constitu-
ents (Novakov et al. 1997; Middlebrook et al. 1998; Cavalli et al. 2004; O’Dowd
et al. 2004). The fraction of organic components increases with decreasing
particle size, and, in biologically active regions, may approach 90% in the size
fraction around 100 nm (Cavalli et al. 2004). The chemical and isotopic com-
position of this organic matter suggests a marine biogenic source (Turekian
et al. 2003). Organic materials and sea salt are present as internal mixtures,
consistent with a production mechanism that involves fragmentation of
organic-rich surface film layers during the bursting of air bubbles at the sea
surface. Some evidence on dry particles suggests that the organics may be
present as coatings on the surface of salt crystals (Tervahattu et al. 2002b). In
this case, they could interfere with the uptake of water by the particles (Saxena
and Hildemann 1996), and with the collision-coalescence process (Medina and
Nenes 2004), but these findings may not be applicable to the more liquid-rich
sea salt particles at high (especially super-saturated) humidities (Abbatt et al.
2005).

Since sea salt particles are very efficient CCN, characterization of their
surface production is of major importance for aerosol impacts on clouds.
Estimates of the total sea salt flux from ocean to atmosphere vary over a wide
range. The most recent estimate (Schulz et al. 2004) is 2690 Tg a~' in a mode
centered at 2 pum diameter, plus 17,100 Tga~' in a mode at 11 pm diameter. At
first glance, this appears considerably higher than most previous ones, e.g. 3300
Tga~' (Houghton et al. 2001), 6500 Tg a~' (Grini et al. 2002), or 5900 Tga ™
(Tegen et al. 1997). A large part of the differences, however, can be attributed to
the choice of the upper size cut-off. With increasing cutoff size, a large mass flux
of very coarse and therefore very short-lived salt particles is included in the
estimate.
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Because most of the sea salt mass is in the coarse mode, while most of the sea
salt particle number is in one or more submicron modes, the conventional
estimates for the mass source flux of sea salt are of little relevance for the
discussion of sea salt particles as CCN, and it is necessary to analyze their
number production rates and atmospheric distribution in a size-resolved model.
This applies both to the submicron fraction, where most of the sea salt-CCN are
found, and to the coarse fraction, which contains the giant CCN (see Chapter 4).
There are several parameterizations available for the wind-speed dependent,
size-resolved emission flux of particles from the sea surface, most of which
have been summarized in Schulz et al. (2004). The best match with the
observed size distributions (O’Dowd et al. 1997) is obtained using the Vignati
and Gong-Monahan schemes (Vignati et al. 2001; Gong 2003), among which
the Gong-Monahan scheme probably has the more faithful representation of
the wind-speed dependence. Estimates of the number flux of sea salt particles
have not been published so far, even though it must be assumed that they have
been calculated in the various aerosol models. Below (Sect. 3.3) we are pre-
senting an estimate that was retrieved from the model runs that formed the
basis of the papers by Stier et al. (2005, 2006). Because of the strong dependence
of sea salt particle production on wind speeds, the role of these particles in cloud
and precipitation processes is expected to change with anthropogenically induced
climate change.

3.2.3 Carbonaceous Aerosol

Carbonaceous material, consisting of organic compounds and near-elemental,
sub-graphitic material (“soot”) represents an important fraction of the atmo-
spheric aerosol. Only a minor part of this complex mixture, in the range 10 to
40%, has been identified at the molecular level (Gelencsér 2004; Kanakidou
et al. 2005; Decesari et al. 2006). The carbonaceous aerosol contains a large
fraction of oligomers and highly polymeric matter from various origins. This
unique chemical complexity is the cause of much of the prevailing uncertainties
regarding the sources and properties of carbonaceous aerosol.

Carbonaceous materials represent a continuum from semi-volatile organic
species (SVOC), chemically-identified particulate organic carbon (POC), poly-
meric POC, to black carbon (BC) or elemental carbon (EC). The BC or EC
component is operationally defined as light-absorbing (“black™) or thermally
refractory (“elemental”) carbon, and is generally thought to consist of aggre-
gates of 20-50 nm granules with a graphite-like crystal structure and near-
elemental composition with some surface functionalities (Smith et al. 1989).
Such particles are also called “soot” particles (which term often includes the
organic coating that is usually associated with these particles), and originate
from various types of combustion (Andreae and Gelencsér 2006). Especially in
biomass smoke, however, there are also other refractory organic compounds
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that operationally act like EC, and other light-absorbing organics that are
determined as BC, so that at this time this aecrosol component remains rather
ill-defined. This is reflected in large discrepancies between the results of OC and
BC/EC measurements from different laboratories (up to factors of 10 for BC/
EC), even when identical samples and nominally identical analytical protocols
are used (Ten Brink et al. 2004). The strong increase of the absorption with
decreasing wavelength can sometimes be used to identify aerosols from biomass
burning (Kirchstetter et al. 2004; Schmid et al. 2006).

As the most commonly used combustion-based chemical analyses provide
carbon contents only, a conversion factor k is required to account for organic
functional groups in particulate organic matter (POM =k xPOC). The k factor
varies with the origin and age of the particles over a wide range: 1.3 (close to
sources) to >2.0 (Putaud et al. 2000; Turpin and Lim 2001; Kiss et al. 2002;
Russell 2003).

In addition to primary carbonaceous aerosols, there is a substantial amount
of secondary organic aerosols (SOA) formed from a large variety of anthro-
pogenic and biogenic gaseous precursors (Seinfeld and Pankow 2003). As a
result, organic aerosols contain variable amounts of primary (PPOM: Primary
particulate organic matter; PPOC: Primary particulate organic carbon) and
secondary (SOA) material. It has been shown that in source regions the forma-
tion of combustion-derived SOA occurs readily and could represent the same
amount as PPOM (Cooke et al. 1999). Once formed, carbonaceous aerosols are
subject to continuous chemical modification in the atmosphere by photoche-
mical and multiphase reactions (Maria et al. 2004). This includes reactions with
OH and other radicals from the gas phase (Molina et al. 2004; Zuberi et al.
2005), oligomerization with and without acid catalysis (Claeys et al. 2004; Gao
et al. 2004; Kalberer et al. 2004), and formation of humic-like substances
(HULIS) by photochemical polymerization of biogenic precursors (Gelencsér
et al. 2002).

3.2.3.1 Primary Biogenic Aerosols

Primary biogenic aerosol particles (PBAP) may enter the atmosphere from a
number of sources. Plants shed various types of debris (cuticular waxes, leaf
fragments etc.), and soil deflation releases a mixture of humic matter, plant
decomposition products, fungi and microbes. Atmospheric aerosols over land
and oceans contain a large variety of microbial particles (bacteria, fungi,
viruses, algae, pollen, spores etc.). These particles cover a wide size range
from tens of microns down to a few tenths of microns. Morphological studies
using light and electron microscopy have shown that PBAP make up a large
fraction of the aerosol down to ~0.2 um at a variety of clean and polluted sites
(e.g. the Amazon, Siberia, and even urban Central Europe (Matthias-Maser
and Jaenicke 1995; Matthias-Maser et al. 2000; Graham et al. 2003a; Graham
et al. 2003b; Posfai et al. 2003; Jaenicke 2005). Their number concentrations are
in the range of tens to hundreds cm . Unfortunately, it becomes quite difficult
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to unequivocally identify particles in the submicron range as primary biogenic,
as they often have little or no diagnostic morphological or bulk chemical
signatures. Chemical tracers studies suggest, however, that primary biogenic
material contributes a large fraction of the pristine aerosol even in this size
range (Simoneit et al. 1990; Graham et al. 2003b). Very small PBAP (20-50 nm)
may also play a role as growth nuclei for CCN-sized particles over the remote
oceans, through condensational growth by deposition of sulphate derived from
the oxidation of DMS (Leck et al. 2002; Leck et al. 2004).

There is considerable evidence that primary biogenic particles may be able to
act both as CCN and IN (Schnell and Vali 1976; Levin and Yankofsky 1983;
Diehl et al. 2001; Bauer et al. 2003). This is consistent with their often relatively
large size and soluble matter content, but surface properties are also thought to
play a significant role (Bauer et al. 2003). It is therefore possible, that PBAP
represent a significant fraction of CCN and IN in the clean atmosphere, and
therefore are of importance for the regulation of cloud microphysical properties
under pristine or remote conditions, but not enough is known at this time to
assess their role with any confidence. Since their atmospheric abundance may
undergo large changes as a result of land use change, they deserve more
scientific study.

Since many of these PBAP are of large size, they are of special interest
because they can already be activated at very low supersaturations (<0.02%).
Therefore, they will be the first to activate at cloudbase, and they may therefore
represent a major source of GCCN. This might enable them to play an impor-
tant role in precipitation formation under circumstances when high concentra-
tions of pollutant CCN otherwise would suppress warm rain production (Yin
et al. 2000a; Rudich et al. 2002). To date, there are no reliable estimates on the
rates of PBAP emissions. The estimates given in Table 3.1 have been calculated
based on the commonly observed mass concentrations of 1-2 pg m™> over
remote, vegetated continental regions and an estimated atmospheric lifetime
of 2 days for these particles.

Table 3.1 Global emission estimates for black carbon (BC) and primary particulate organic
carbon (PPOC) from fossil fuel, biofuel, and open biomass burning

Black carbon Tg C a™! Primary POC Tg Ca™'
Fossil  Biofuel Open Fossil  Biofuel Open
fuel burning  fuel burning
Liousse et al. (2004) 5.9 29 43¢ 6.4 8.7 8.2°
Juncker & Liousse (2005)
Bond et al. (2004) 3.0 1.6 33 24 6.5 25
Ito & Penner (2005) 2.8 2.0 3.5 2.4¢ 7.3¢ 22¢

“Including savanna, open agricultural fires and tropical fires (Liousse et al. 1996b) and
extratropical fires (Lavoué et al. 2000).

® Primary particulate organic carbon only, including savanna, open agricultural fires and
tropical fires (Liousse et al. 1996b) and extratropical fires (Lavoué et al. 2000).

¢ Using a conversion factor of 1.3 for PPOC = >PPOM.
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3.2.3.2 Primary Anthropogenic Carbonaceous Aerosol

Black carbon and a fraction of PPOM and SOA originate from combustion
sources. Combustion sources using fossil fuel are found in industry, power
generation, traffic and residential heating (Andres et al. 1996). It has, been
shown by carbon-14 analysis that in cities the biogenic fraction may comprise
about 60% of the carbonaceous aerosol. In summer this is mainly attributed to
SOA from biogenic precursors, while in winter there is a substantial contribu-
tion from wood combustion (Szidat et al. 2006). In the intertropical zone,
biomass burning (open savanna, forest and agricultural waste fires) and biofuel
use form the main sources of anthropogenic carbonaceous aerosols. Biomass
burning from natural fires provides a major source of carbonaceous aerosols,
mainly in the mid- to high latitudes of the northern hemisphere (e.g. Lavoué
et al. 2000). SOA is also formed by the conversion of natural organic gases such
as terpenes and, probably to a lesser extent, isoprene (Claeys et al. 2004).

From both biomass burning and fossil fuel sources, POM (PPOM + SOA) is
always the predominant fraction of the carbonaceous aerosol. However, the
chemical composition of the aerosol as represented by the BC/POM ratio is
highly dependent on the type of sources: on average the BC/POM ratio is higher
for fossil fuel than for biomass burning sources. Also BC/POM ratio is linked to
the type of burning: BC/POM is probably related to the temperature of the
combustion process, and is thus higher for diesel emissions than for gasoline
(Bond et al. 2004). Biomass combustion aerosols emitted under flaming condi-
tions will have a higher BC/POM ratio than smoldering aerosols, which are
almost entirely of organic origin (Reid et al. 2005).

At present the lack of adequate data for BC and PPOC concentrations
precludes the use of inverse modeling. To estimate the emissions of combustion
carbonaceous aerosols, the only suitable current method is the bottom-up
approach. Emission estimates are based on two different data sets: one related
to fuel consumption and the other to particulate emission factors.

Spatial distributions of fuel consumption (fossil fuel and biofuel) may be
obtained from data provided by a variety of national and international orga-
nizations. They are complemented by regional inventories that make special
efforts to account for regional source characteristics and may provide more
detailed consumption maps (Streets et al. 2001; Reddy and Venkataraman
2002; Streets et al. 2003; Schaap et al. 2004).

Mapping the amounts of burnt biomass is a difficult task. In previous studies
(Hao and Liu 1994; Hao et al. 1996) estimates of burnt areas for savanna and
forest fires were based on statistical data. For emissions related to agricultural
practices, the FAO (Food and Agriculture Organization of the United Nations)
data are usually associated with assumptions of the burnt fraction (Yevich and
Logan 2003). Qualitative improvements are now obtained from multi-year global
distributions of fire pixel counts and burnt area given by satellite imagery, as
these data allow taking into account the spatial and temporal variability of fires
at different scales (Kajii et al. 2002; Generoso et al. 2003; van der Werfet al. 2003;
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Hoelzemann et al. 2004; Ito and Penner 2004; Liousse et al. 2004; Michel et al.
2005). The need to couple the two existing satellite tools (fire counts and burnt
area) is illustrated by the work of Michel et al. (2005) on biomass burning
inventory for Asia using SPOT (Satellite Pour I’Observation de la Terre) imagery
for burnt areas. The fire spatial and geographical distribution they obtained is
totally different than that of Streets et al. (2003), derived from fire pixel count
maps. Provided that current problems with detection algorithms can be solved,
the uncertainty of such products might be reduced to <15% for burnt areas.
Uncertainties now exist primarily on the estimates of fire properties (biomass
density and combustion efficiency), and further improvement will necessitate
accounting for regional differences and relating in a common effort local mea-
surements, remote sensing techniques and fuel models.

Emission factors for BC and PPOC (or PPOM) particles depend on the
nature of the fuel used and on the physical conditions of the combustion
processes. For a given fuel, the type of use (industrial versus domestic) and
combustion technology will be of high importance. The level of development of
each country and the regulating standards they apply are also crucial. For
biomass burning, BC and PPOC emission factors have been reviewed, based
on a synthesis of the most recent experiments and existing papers (Andreae and
Merlet 2001).

For fossil fuels and biofuels, problems originate from the complexity, het-
erogeneity, and uneven coverage of available information. To cope with this
difficulty, global inventories have been then constructed following a standard
procedure that may apply to all activities in all countries and is flexible enough
to be easily improved (Cooke et al. 1999; Junker and Liousse 2006). The
detailed sources were reduced to three main sectors of activities (traffic, indus-
trial and domestic) and three levels of country developments (developed, semi-
developed and developing) based on national gross income. This yields nine
emission factors, each with a specific BC/PPOC ratio, for each fuel category of
BC and primary POC. In an alternative approach the exhaustive description of
fuel combustion activities, technology divisions and emission controls (mostly
for developed regions) has been preserved (Bond et al. 2004). But numerous
assumptions had to be made for regions where combustion technologies and
emission controls were poorly known.

The few existing BC and PPOC emission inventories show significantly
different budgets and different regional partitioning of the emissions. Most of
them do not account for all sources (industrial versus biomass burning), or are
restricted to one component of the aerosols (BC or primary OC only). Further-
more, the use of either PPOC or POM (including the SOA fraction) is often
confusing.

These disagreements persist in the recent comprehensive fossil fuel and
biofuel (BC and PPOC) global emission inventories by Bond et al. (2004)
(B04), Liousse and coworkers (Liousse et al. 2004; Junker and Liousse 2006)
(L05) and Ito and Penner (2005) (I05) (Table 3.1). Differences exceeding a
factor of two sometimes exist between the various estimates. The B04 and 105



3 Sources and Nature of Atmospheric Aerosols 57

Table 3.2 Black carbon (BC) emission factors for the main fossil-fuel-related
sources

Black carbon emission factor (g C per kg fuel)
(Bond et al. 2004) (Junker and Liousse 2006)

Developed countries 0.001-0.006 0.149
industrial, coal

Industrial, lignite 0.015-0.03 0.3

Traffic, diesel 0.85 2

Traffic, gasoline 0.04 0.03

Developing countries

Industrial coal 0.28-4.5(1.12) 1.10

Industrial lignite 0.09 1.98

Traffic diesel 2-7 10

Traffic gasoline 0.14-0.6 0.15

emissions are significantly lower than the LO5 values, although new sources
were added that had not been taken into account before (such as off-road
vehicle emissions and waste combustion). An important source of disagreement
between these two studies probably arises from the choice of significantly
different emission factors (EFs) (Table 3.2). In most cases 105 used the B04
EFs, which supports differences in EFs as the main cause of emission discre-
pancies between the studies.

To assess the role of the choice of EFs in the discrepancy, a calculation was
conducted for the year 1996, with the B04 and LOS5 sets of EFs, but using the
same UN fuel database and the same methodology. A comparison of the results
shows about 10-fold larger emissions from lignite burning, 6-fold larger emis-
sions from diesel use, and about 25% greater emissions from hard coal burning
when the LOS5S EFs are used instead of the B04 values. Recent combustion
chamber experiments (not yet published) have shown that for diesel emissions,
the EF(BC) value of 2 for developed countries used by Junker and Liousse
(2006) would be in the highest part of the acceptable range, whereas for coal
industrial combustion, B04’s EF(BC) value of 0.0024 would be too low. There is
a critical need for further targeted experiments to resolve the discrepancies
between these two studies.

A way to test the validity of these inventories is to apply them in a global
model and to compare the modeled values with existing BC and POM measure-
ments. Reasonable agreement can be obtained for surface BC and PPOM
concentrations using the L05 emissions implemented in the TM-3 model (3-D
Transport Model, Velders et al. 1994). As the BC global burden estimated by
B04 is almost half that of L0O5 it might be expected that comparisons between
model and measurements would be less satisfactory. Further improvements
may come from simultaneous refinements in bottom-up estimates and combi-
nation with top-down approaches using distributions of emitted substances
detected by remote sensing, such as in the recent study by Ito and Penner (2005).
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Estimation of the source strength of the predominantly carbonaceous CCN
from biomass and fossil fuel burning entails large uncertainties. In the case of
biomass burning, the emission ratio of CN (particles larger than ~10 nm) to CO
is a relatively robust parameter, with a characteristic value of about
25410 cm ™ ppb ™! (Guyon et al. 2005), corresponding to about 2x 10" parti-
cles emitted per gram CO. Of these particles, the fraction that can be activated
at 1% SS (supersaturation) is very high, with most studies showing CCN/CN
ratios of 60—100% for fresh or aged biomass smoke (Radke et al. 1988; Hudson
et al. 1991; Rogers et al. 1991; Novakov and Corrigan 1996; Ross et al. 2003).
Assuming an annual global emission of 700 Tg of CO from biomass burning
(Andreae and Merlet 2001) and a CCN ., /CN ratio of 0.8 yields an estimate of
1.1x10?® CCNyo, (1% SS) for the annual emission from biomass burning. An
alternative calculation, based on CCN ., with an emission factor of 2x 10" per
kg dry biomass, yields similar results. Estimates of CCN production from in situ
measurements yield production rates of 6x10'° to 8x10'> CCN per gram of
material burned (Warner and Twomey 1967; Eagan et al. 1974b).

Comparable emission factors are not available for fossil fuel combustion.
Bond et al. (2002) have shown that residential coal burning produces 12x 10"
particles kg ™' for lignite (mostly >100 nm) and 14x10"° for bituminous coal
(mostly <100 nm). Given that residential burning tends to have considerably
larger emission factors than industrial or power related combustion, the overall
CCN emission factors for fossil fuel burning are likely to be considerably lower.
Carbonaceous acrosol emissions are projected to decline over the 21st century
to about two-thirds of their present values by 2050, but most likely with a
significant rise in the BC/OC ratio in industrialized regions (Streets et al. 2004).

3.2.3.3 Secondary Organic Aerosols

As mentioned before, organic aerosols are comprised of primary and secondary
particles. In the previous paragraphs, we have only considered emission of
primary particles (PPOC). The treatment of SOA in emission inventories of
carbonaceous particles is still an open question. There is no evidence for the
direct formation of SOA particles by nucleation of organics from the gas phase
in the present-day atmosphere. SOA-rich particles have been shown to form by
condensation of organic gases with low vapour pressures on pre-existing parti-
cles, which may be as small as freshly nucleated sulphate particles in the
ultrafine size class (Kerminen et al. 2000; Kulmala et al. 2000; Kerminen
2001; O’Dowd et al. 2002; Lihavainen et al. 2003; Maria et al. 2004; Zhang
et al. 2004a). The resulting particle may consist almost completely of organic
material, and the presence of the initial sulphate nucleus may not be readily
detectable any more. This is most likely the case in environments such as the
Amazon Basin, where nucleation events have never been observed, in spite of
high concentrations of volatile organic compounds (VOC) and high rates of
photochemical oxidation (Rissler et al. 2004). In the Amazon significant
amounts of primary biogenic and other particles act as an efficient sink for
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condensable organics. On the other hand, in the presence of high concentrations
of SO, and a high rate of H,SO,4 production, new particle formation and growth
by incorporation of organics occurs even at a high concentration of pre-existing
aerosols, such as in the cities of Milan and Pittsburg (Baltensperger et al. 2002;
Zhang et al. 2004a). Once incorporated into the condensed phase, organics can
be made less volatile by oxidation and polymerization reactions (Gelencsér
et al. 2002; Limbeck et al. 2003; Claeys et al. 2004; Gao et al. 2004; Kalberer
et al. 2004).

A number of studies has been conducted in recent years to assess the
magnitude of SOA formation from biogenic and anthropogenic precursors
(Liousse et al. 1996a; Griffin et al. 1999; Kanakidou et al. 2000; Chung and
Seinfeld 2002; Kanakidou et al. 2005; Tsigaridis et al. 2005). In spite of these
efforts, the range of estimates remains huge: 2.5-79 Tg yr~! for biogenic SOA
and 0.05-2.6 Tg yr ' for SOA from anthropogenic precursors. Ignoring the
more extreme results of sensitivity studies, we can use the values from the review
of Kanakidou et al. (2005) as a currently best guess: 19, 15, and 2 Tg yr ' from
terpenes, oxygenated VOC (OVOC) and anthropogenic VOC, respectively.
There is no published estimate of the number of CCN produced in the atmo-
sphere as a result of SOA formation from biogenic or anthropogenic precur-
sors. Recently Heald et al. (2005) pointed out a large discrepancy between
model-predicted and observed concentrations of organic aerosols in the upper
troposphere. They suggested that a substantial amount of SOA production,
presumably from anthropogenic precursors, is required to explain the observed
levels of organic aerosols in the free troposphere. If it is mixed downward, this
aerosol could make a significant contribution to the POM concentration in the
lower troposphere.

3.2.4 Other Primary Anthropogenic Aerosols (Industrial Dust etc.)

This category includes aerosols from transportation (e.g. tire and brake detri-
tus, road dust etc.), coal combustion (fly ash etc.), cement manufacturing,
metallurgical industries, and waste incineration, but excludes carbonaceous
aerosols to avoid double counting. Primary anthropogenic aerosols are promi-
nent in uncontrolled emissions from old industrial and energy technology, but
are now being controlled fairly tightly, especially in developed countries. Grow-
ing industrialization, especially in Asia, was expected to lead to significant
increases of primary anthropogenic aerosols in some regions. On the other
hand, increased awareness of the negative health impacts of acrosols in devel-
oping countries, coupled with readily available emission control technology,
may lead to less significant growth in these emissions than had been previously
anticipated (Wolf and Hidy 1997). To our knowledge, there are no recently
updated global emission estimates for this aerosol type, so that the very rough
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Table 3.3 Primary particle emissions and burdens for the year 2000*

Mass Low High Mass Number Number
emission burden prod. burden
Tg a”! Tg a”!
Carbonaceous
aerosols
Organic matter 95 40 150 1.2 - 310-10%*
(0-2 pm)
Biomass burning 54 26 70 - 7-107 -
Fossil fuel 4 3 9 - - -
Biogenic 35 15 70 0.2 - -
Black carbon (0-2 10 8 14 0.1 - 270-10%
pm)
Open burning & 6 5 7 - - -
biofuel
Fossil fuel 4.5 3 6 - - -
Industrial dust etc. 100 40 130 1.1 — -
Sea salt
d<1 pm 180 60 500 3.5 7.4-10%° -
d=1-16 um 9940 3000 20,000 12 4.6-10% -
Total 10,130 3000 20,000 15 1.2-10%7 27-10*
Mineral (soil) dust
<1 pm 165 - - 4.7 4.1-10% -
1-2.5 ym 496 - - 12.5 9.6-10% -
2.5-10 pm 992 - - 6 - -
Total 1600 1000 2150 1845 1.4.10% 11-10%

“ Range reflects estimates reported in the literature. The actual range of uncertainty may
encompass values both larger and smaller than those reported here. Values are based on the
following publications: (Andreae 1995; Andreae and Merlet 2001; Guelle et al. 2001; Penner
et al. 2001; Gong et al. 2002; Luo et al. 2003; Bond et al. 2004; Liousse et al. 2004; Zender et al.
2004; Ito and Penner 2005; Junker and Liousse 2006; Stier et al. 2005; Stier et al. 2006)

estimates given in [IPCC-TAR had to be reused in Table 3.3. Furthermore, no
data are available on which a reliable estimate of the number source flux for this
particle type could be based. The mass size distribution of these aerosols is
dominated by the coarse mode, but a substantial submicron mode is also
present, which contains significant amounts of soluble material (Kleeman and
Cass 1998). Most of the primary particles from coal combustion are below 1 um
in diameter (Chen et al. 2004). (A fraction of these particles is carbonaceous,
and therefore is represented in the category of primary carbonaceous aerosols
below.) In Beijing, for example, primary aerosols have been estimated to
account for more than half of PM2.5 (Particulate Matter in the size class with
diameters <2.5 um) (Zhang et al. 2004b). We conclude that primary anthro-
pogenic particles could represent a significant source of CCN (and possibly IN),
especially in polluted regions of the developing world.
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3.2.5 Sulphates

Knowledge of the temporal and spatial details of anthropogenic and natural
sulphur emissions is vital for estimating the atmospheric aerosol loadings of
sulphate aerosols. The substantial growth of industrialization and energy pro-
duction since the 1950s has resulted in increased burning of fossil fuels, causing
extensive emissions of SO,. Population growth also has contributed to growing
emissions. On the other hand, local air quality concerns, structural change in
energy supply and end-use, and the application of advanced technology and
cleaning procedures have resulted in dramatically reduced SO, emissions in
some regions. Regional changes in emission pattern are additionally driven by a
shift of strong polluting industry from the developed to the developing
countries.

3.2.5.1 Sulphate Precursor Emissions

The most abundant sulphur gases in the atmosphere are carbonyl sulphide
(COS), dimethyl sulphide (DMS), sulphur dioxide (SO,) and hydrogen sulphide
(H»S). They are all subject to oxidation by a variety of atmospheric species,
including hydroxyl and nitrogen radicals, ozone, and excited oxygen atoms, and
to photochemical decomposition (Seinfeld and Pandis 1998). The ultimate fate
of these atmospheric sulphur compounds is the irreversible oxidation to sul-
phate (SO4%), which forms particles mixed with water and ammonium (i.e.
H,SO4, NH4HSO,4, (NH4),SO,). A small fraction of DMS oxidizes to methane
sulphonic acid (MSA), which condenses on existing particles. These atmo-
spheric sulphur compounds have a variety of natural and anthropogenic
sources, with anthropogenic fluxes dominating at present and into the foresee-
able future (Dentener et al. 2006). The most important natural sources of DMS
and SO, are the marine biosphere and exhalation from volcanoes, respectively.
Intra-annual variability and climate-induced changes of the source strength and
distribution of natural sulphur sources are poorly known. Gabric et al. (2004)
used model simulations of the period of equivalent CO, tripling (2080) to derive
the changes in oceanic DMS production and flux to the atmosphere. They
predicted a globally integrated DMS flux increase of 14%. The greatest pertur-
bation to DMS flux is simulated at high latitudes in both hemispheres, with little
change predicted in the tropics and sub-tropics. The largest change in annual
integrated flux is simulated in the Southern Hemisphere between 50 and 60°S.
At this latitude, the DMS flux perturbation is most influenced by the GCM-
simulated changes in the mixed layer depth. This indicates that future increases
in stratification in the polar oceans will play a critical role in the DMS cycle and
therefore the flux of sulphate aerosols in remote ocean regions.

Major uncertainties exist for the volcanic sulphur emissions, and current esti-
mates are probably too low (Textor et al. 2004). Volcanic emissions are however
released at mountain peaks mostly above the planetary boundary layer, where they
have extended life times and disproportionate effects on cloud properties.
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The major anthropogenic sulphur source is SO, emissions from the burning
of sulphur-containing fuels, mainly coal. Metal smelting and other industrial
processes also release significant quantities of SO,. Global anthropogenic
sulphur emissions are estimated to range between 65 and 90 Tg S in 1990
(Houghton et al. 2001). Reviews of most recent inventories indicate a most
likely value of 75410 Tg S in 1990 (Smith et al. 2001), and 71 Tg S in the
AEROCOM inventory for 2000 (Dentener et al. 2006). Smith et al. (2001)
estimate that 56% of 1990 world sulphur emissions are from coal, 24% from
oil, 15% from industrial processes and 3% from biomass burning. Emission
from bunker fuel burned by the international cargo and passenger ship fleet
represents a contribution of 4-7% to the global anthropogenic SO, emissions
(3.0 Tg Sin 1996 (Endresen et al. 2003); 3.7 in 2001 (Endresen et al. 2005). The
majority of these ship emissions occur in the Northern Hemisphere.

Globally, emissions have been roughly constant from 1980 to the present.
However, a significant shift has occurred in the spatial distribution of emis-
sions. Many climate studies to date have used the emissions pattern from the
GEIA inventory for 1985 and simply scaled these backwards and forwards in
time. This is clearly an oversimplification, as the regional pattern of emissions
has changed dramatically over the last 30 years (Massie et al. 2004). Different
inventories are similar at the global-mean level, but show marked differences at
the regional level.

While 60% of global emissions in 1980 were from around the North Atlantic
basin, this region contributed <40% of the global total by 1995 and will
contribute even less in the future (Smith et al. 2001). As a result of the imple-
mentation of international emissions agreements, SO, emissions decreased 32%
from 1980 to 1990 in Europe, and 3% from 1980 to 1995 in North America. In
1990, the spatial pattern of emission shows that the US, the USSR, and China
were the main sulphur dioxide emitters (i.e. approximately 50% of the total).
Historical data for Asia are more problematic, but the trends are clearly in the
other direction. The data indicate a roughly 60% increase in sulphur dioxide
emissions from 1980 to 1990. The two main reasons for this are the region’s
rapid economic growth and its high dependence on coal. It has been estimated
that China’s SO, emissions grew 3.6% per year from 1985 through 1996, and
India’s SO, emissions grew at a rate of 4.9% per year during the 1990s (Streets
et al. 2000; Streets and Waldhoff 2000). This trend is confirmed by satellite data
(TOMS) of aerosol optical depth (AOD). Large increases in AOD between 1979
and 2000 are evident over the China coastal plain and the Ganges River basin in
India. For instance AOD increased by 17% per decade during winter over the
China coastal plain (Massie et al. 2004).

In contrast, Carmichael et al. (2002) report that since 1995 Asian SO,
emissions have declined from 38.5 Tg in 1995 to 34.4 Tg in 2000, a decrease of
2.3% per year. This remarkable change is almost entirely due to a reduction in
emissions in China, which emits about two-thirds of SO, from Asia. This has
been brought about by several factors: a marked reduction in industrial coal use
from the closure of small and inefficient plants, a slow-down in the Chinese
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economy, the improved efficiency of energy use, the closure of some high-
sulphur coal mines, a general reform in industry and power generation, and a
rising awareness of the dangers of air pollution.

3.2.5.2 Transformation and Sulphate Particle Formation

When emitted into the atmosphere, sulphur species undergo transport and
chemical reactions to form compounds that condense on aerosol surfaces or
nucleate. Wet deposition removes gases and particles in the atmosphere and
deposits them on the Earth’s surface by means of precipitation. With dry
deposition, particles and gases reach land and water surfaces without precipita-
tion. All the processes controlling dispersion, residence time in the atmosphere,
aerosol load and composition vary with weather and climate. Since sulphur
emissions themselves influence climate, and so change the transport and sink
processes, one cannot accurately model the influences of anthropogenic emis-
sions unless the climate influences are also modeled in a consistent way. While
this clearly requires an appropriate coupled climate-sulphur-chemistry model,
the primary driving force must be reliable, spatially-resolved SO, emissions
(Smith et al. 2001).

The percentage of SO, transformed into sulphate, according to simulations
with global chemistry models, falls between 51 and 56% (four models) with one
outlier calculating an efficiency of 83% (due to low dry deposition flux of
sulphur dioxide) (Berglen et al. 2004). The COSAM (Comparison of Large
Scale Sulphate Aerosol Models) model comparison (Barrie et al. 2001; Roelofs
et al. 2001) reflecting the state of modeling in 1999 and the AEROCOM (Textor
et al. 2004; Kinne et al. 2006) comparison performed in 2004 give a range of
transformation rates between 45 and 67%, and 50-81%, respectively. This
transformation rate depends on transport, sink processes and chemical trans-
formation. The latter will change due to changes in the emission of oxidants and
oxidant precursors. Only gas phase oxidation by OH will lead to formation of
new particles, whereas aqueous phase oxidation and catalytic oxidation by
metals take place on existing particles, thereby changing their CCN properties.
Gas phase sulphate formation contributes between 10 and 22% to the total
oxidation of SO, in the COSAM comparison and between 14 and 42% in the
more recent AEROCOM comparison. In addition, a southward shift of the
sulphur emissions toward regions with more incoming solar radiation and
hence more OH would increase the fraction of SO, oxidized in the gaseous
phase (Berglen et al. 2004).

Secondary particle formation from gas-phase sulphuric acid dominates the
nucleation mode and contributes significantly to the particle number concen-
trations although contribution to total aerosol mass is small. Model calcula-
tions show that nucleation of sulphate particles is favored in regions with little
available aerosol surface area, low temperatures, and high relative humidity.
Thus, the maxima of the nucleation mode number concentration can be found
in the upper tropical troposphere and in the remote regions of the Antarctic.
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The soluble Aitken mode numbers are dominated by particles growing from the
nucleation in the Aitken size range. Accumulation mode soluble numbers are
highest in the lower troposphere, between 30°S and 60°N, close to the sources
from biomass burning and fossil fuel use. Increased levels can also be found in
the upper troposphere, attributable to convective detrainment of particles and
their precursors, and evaporation of cloud droplets and ice crystals. Figure 3.1
shows the effect of the omission of SO, emissions from fossil fuel and biofuel use
on the accumulation mode number concentration. Between 0 and 60N sulphur
dioxide from anthropogenic sources contributes about 25-30% of the total
particle number burden.

Conventionally, additivity is assumed for aerosol emissions and for their
climate impacts. However, due to the complex interactions between transport,
aerosol and hydrological cycle, one cannot expect a linear relationship between
emissions and aerosol load or aerosol effects. Grafet al. (1997) have shown that
the efficiency by which sulphur precursors are transformed to sulphate depends
on the source type. This efficiency depends additionally on the location and the
season of the release. Barth and Church (1999) used the NCAR Community
Climate Model (CCM3) to determine the contributions of southeast China to
the global aerosol burden. Southeast China emitted 11.6% of the global anthro-
pogenic sulphur emissions and contributed 9% to the global sulphate burden in
their simulations, indicating a non-linear response between emission and bur-
den. When anthropogenic sulphur emissions were doubled, the acrosol burden
contributed by China increased by a factor of 2.2. Their simulations show a gas-
phase oxidation rate from south-east-Asian emissions above average. Sulphate
formed via this pathway is less susceptible to wet scavenging and thus contri-
butes more efficiently to the atmospheric sulphate load than sulphate formed in
clouds, which is already incorporated in cloud droplets and thus is more likely
to undergo wet removal.

Stier et al. (2006) analyzed the response of the global aerosol system to changes
in anthropogenic sulphur emissions. In a scenario without anthropogenic sulphur
emissions (corresponding to a reduction by 55%), the sulphate burden decreases
globally by almost 50% and the accumulation mode number concentration by
21%. However, not only is the sulphate budget affected, but the annual global-
mean lifetimes of black carbon, particulate organic matter, and dust increases by
8.9%, 2.5%, and 1.5%, microphysical aging times increase by 164%, 84%, and
66%, and annual zonal-mean column burdens in high northern latitudes increase
by up to 70%, 20%, and 20%, respectively. This emphasizes that changes in one
particular anthropogenic emission have impacts on the cycles of other aerosol
components, resulting in changes of their lifetimes, column burdens, and micro-
physical aging times. These results suggest that the separate treatment of the
different aerosol components and their precursors can lead to non-negligible
errors in estimates of the aerosol climate effects.

Concerning future emissions of sulphur, the SRES (IPCC Special Report on
Emissions Scenarios) scenarios portray similar emission dynamics — at various
future dates (between 2020-2030 and 2070, depending on the scenario and its
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underlying storyline), global SO, emissions reach a maximum level and decline
thereafter. By 2030 sulphur emissions range between 40 and 160 Tg S, by 2070
between 20 and 165 Tg S, and by 2100 between 10 and 95 Tg S. Emission
trajectories of the SRES scenarios reflect a combined impact of different
scenario driving forces (local air quality concerns, structural change in energy
supply and end-use etc.), which lead to a gradual decline in sulphur emissions in
the second half of the 21st century.

3.2.6 Nitrates

The production of secondary aerosol nitrate is closely tied to the relative
abundances of ammonium and sulphate. If ammonia is available in excess of
the amount required to neutralize the stronger acid H>,SO4, gascous HNO; and
NHj; can enter the condensed phase, and their subsequent dissociation yields
nitrate (NO3~) and ammonium (NH,4 ") ions. Submicron particles containing
nitrate are potentially efficient CCN (Metzger et al. 2002a). In the presence of
acidic accumulation-mode sulphuric-acid containing aerosols, however, HNO;
deposits on larger, alkaline mineral or salt particles (Dentener et al. 1996;
Murphy and Thomson 1997; Gard et al. 1998). This deposition of soluble
material on otherwise insoluble dust particles increases their CCN activity.

Until recently nitrate has not been considered in assessments of the climatic
effects of aerosols, and even current models often ignore the role of nitrate
(e.g. Stier et al. 2005) or the sub-micron nitrate aerosol fraction (Derwent
et al. 2003). Andreae (1995) estimated that the global burden of ammonium
nitrate aerosol from natural and anthropogenic sources is 0.24 and 0.4 Tg
(as NH4NOs;), respectively, and that anthropogenic nitrates cause only 2% of
the total direct forcing. Adams et al. (1999) obtained a value of only 0.17 Tg
(as NOy) for the global nitrate burden, which may be due to the fact that their
model did not include nitrate deposition on sea salt aerosols. Their most recent
estimate (Adams et al. 2001), predicts a nitrate burden of 0.38 Tg in the form of
secondary ammonium nitrate/sulphate particles.

The importance of aerosol nitrate is likely to increase substantially over the
next century. For example, the SRES A2 emissions scenario projects that NOy
emissions will more than triple in that time period while SO, emissions decline
slightly. Using this scenario, Adams et al. (2001) predict a nitrate burden of 1.8
Tg for 2100, compared to a sulphate burden of 2.2 Tg for the same year. In their
model run for 2100, the total anthropogenic forcing (direct and indirect) asso-
ciated with nitrate actually exceeds that caused by sulphate.

3.2.7 Aerosol Number Fluxes

The calculation of the aerosol impacts on clouds, precipitation and hence on
climate, and their interaction with the hydrological cycle requires size-resolved
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knowledge of the global distribution of aerosol number concentrations.
Because primary aerosol emissions result in a direct increase of the atmospheric
particle number burden, whereas secondary aerosol production often results
only in the addition of mass to existing particles, the fluxes of primary aerosols
play a key role in the context of cloud physical effects (Adams and Seinfeld
2003). Recently, the aerosol size distribution has been added to the prognostic
variable space of global microphysical aerosol models to account for these
effects. In addition to the emission mass fluxes, these models require as input
the primary aerosol number fluxes and therefore the knowledge of the emission
size distribution.

Natural sea salt and mineral dust aerosols are predominantly emitted in the
accumulation and coarse mode size range, and their size distribution is mainly
altered by size-dependent sink processes. A number of size-resolved emission
parameterizations are available for sea salt and mineral dust (see above), and
can be interactively calculated in numerical models. These parameterizations
can also be used in future scenarios.

However, for primary emissions from combustion processes, the initial
evolution of the size distribution is characterized by small-scale microphysical
processes (Jacobson and Seinfeld 2004) that cannot be resolved in regional and
global aerosol models. Therefore, the sub-grid scale evolution of the size-
distribution and mixing state shortly after emission should be parameterized
in a way that is appropriate to the model scale. Up to now, such parameteriza-
tions are not available and the emission size-distribution is generally estimated
from measurements made on “slightly” aged plumes. For the AEROCOM
aerosol model inter-comparison, an emission inventory has been provided
(Dentener et al. 2006), based on mass flux estimates by Bond et al. (2004) for
carbonaceous aerosols from fossil- and bio-fuel use, by Van der Werf et al.
(2003) for vegetation fires, and by Cofala et al. (2005) for anthropogenic
sulphur emissions (data and documentation available from http://ftp.ei.jrc.it/
pub/Aerocom/). AEROCOM assumes that 2.5% of the total SO, emissions are
emitted in the form of primary sulphate to account for sub-grid scale sulphate
formation at the sources. In addition, source-specific size distributions are
proposed (Table 3.4) for freshly emitted primary aerosols, which are then
subject to further microphysical processing in global aerosol models. For
comparison, the parameters of a log-normal fit (Stier et al. 2006) of natural
sea salt (Schulz et al. 2004) and mineral dust (Tegen et al. 2002; Tegen et al.
2004) as used in the emission parameterizations, neglecting the super-coarse
mode emissions are also given in Table 3.4.

The total emission number flux Fy of primary particles can be calculated
from a given emission mass flux Fy; and a log-normal emission size-distribution
as follows:

Fy = Fy 3 3.1)

4np(rumrexp(1.5 lnz(")))3
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Table 3.4 Global annual anthropogenic primary aerosol number fluxes as recommended by
the AEROCOM emission inventory. For comparison, values for the natural emissions of sea
salt (Schulz et al. 2004) and mineral dust (Tegen et al. 2002; Tegen et al. 2004) are also given

Number median ~ Standard  Total mass Total primary
diameter (um) deviation  flux (Tga™') number Flux (a )

Fossil-fuel burning ~ 0.030 1.8 6.4 4.8%x10%
(BC+POM)

Bio-fuel burning 0.08 1.8 10.7¢ 4.2%1077
(BC+POM)

Vegetation fires 0.08 1.8 37.7° 1.5%10%
(BC+POM)

Primary sulphate 1.0 2.0 4.3¢ 5.1x10%
(H2S04)

Sea salt ~0.4 varying with 1.6 54.1 7.4%10%
(accumulation wind-speed
mode)

Sea salt (coarse ~4.4 varying with 2.0 4955 4.6x10%°
mode) wind-speed

Mineral dust 0.4 1.6 7.5 4.1x10%
(accumulation
mode)

Mineral dust (coarse 0.8 2.0 655 9.6x10%
mode)

“ Bond et al. 2004.

b van der Werf et al. 2003.

¢ Industry, fossil- and bio-fuels from Cofala et al. (2005) and vegetation fires from van der
Werf et al. (2003) with 2.5% of SO, emitted as primary sulphate.

where p is the density of the compound and ryymr the number median radius
and o the standard deviation of the log-normal emission size-distribution.
Based on the AEROCOM anthropogenic emission inventory and the pro-
posed emission size distributions, the total anthropogenic primary aerosol
number flux can be estimated as listed in Table 3.4. This flux is highly dependent
on the choice of the emission size distribution. For example, the usage of the
same emission mass flux for primary sulphate, but with the significantly smaller
emission size-distributions used by Adams and Seinfeld (2003) results in a
6x10% larger number flux than using the large “fly ash” AEROCOM size
distribution recommendation. This underlines the necessity of adequate emis-
sion size distributions and for careful adaptation to the respective model scales.

3.3 Physical and Chemical Nature of Atmospheric Aerosols

Knowledge of the various primary and secondary aerosols sources, combined
with the size and composition dependent aerosol sinks, in principle allows
prediction of the chemical and physical characteristics of the atmospheric
aerosol. The properties most relevant to the impact of aerosols on precipitation
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are the size distribution and composition. They determine the interaction of the
aerosol with water or, more specifically, their activity as either CCN or IN.
Before delving into these acrosols attributes, the concept of different aerosol
regimes will be discussed. We shall use a series of aerosol “regimes”, as may be
found at various locales around the Earth: over the remote oceans and con-
tinents far from pollution sources (“remote marine” and “remote continental”,
respectively), over regions influenced by industrial pollution or biomass burn-
ing (“polluted continental” and “polluted marine”), and over areas dominated
by mineral dust aerosols. Earlier classifications have attempted to separate the
atmosphere into “marine” (equated with low pollutant levels and low CCN
concentrations) and “continental” (high pollutant levels and high CCN con-
centrations) regimes. This view has been challenged, as it has become apparent
that unpolluted continental regions may be just as clean, and have just as low
CCN concentrations as remote marine areas (Squires and Twomey 1966;
Hoppel et al. 1973; Twomey et al. 1978; Delene and Deshler 2001; Komppula
et al. 2005; Roberts et al. 2001; Andreae et al. 2004). Conversely, polluted
marine areas have acrosol concentrations just as high as polluted continental
regions (Hudson and Xie 1999; Andreae et al. 2000; Raes et al. 2000; Hudson
and Yum 2002). In this chapter, we will limit the discussion of the nature of
aerosols to an analysis of generic properties within broad generic regimes; a
further breakdown into regional characteristics is provided in Chapter 4.

3.3.1 Size Distributions

While many different types of distribution functions have been utilized over the
years to represent the atmospheric aerosol, the discussion here is in terms of the
ubiquitous lognormal function introduced and popularized by Junge and later
Whitby and his colleagues (cf. Junge 1953; Junge 1963; Whitby et al. 1972;
Whitby 1978). The distribution function itself can be expressed in terms of any
of its moments, the most useful representation being dependent on the parti-
cular issue being addressed. For example, for exploring the dependence of cloud
drop number concentration on aerosol concentration, the number size distribu-
tion (Fig. 3.1) has the most utility, whereas if one is considering the chemical
nature of the aerosol, the mass distribution is commonly employed.

3.3.1.1 The Remote Marine Aerosol

This category includes both the sea salt aerosol and particulate oxidation
products of biogenic DMS (Raemdonck et al. 1986; Charlson et al. 1987;
Andreae and Crutzen 1997; Bates et al. 1998; Andreae et al. 1999; Bates et al.
2000; Bates et al. 2001). While there is substantial variability (cf. Heintzenberg
and Covert 2000), the most salient features are ubiquitous. Perhaps most
characteristic is the prominent mode in the number distribution in the size
range from ~0.1-0.2 pm diameter, which contains most of the DMS-derived
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non-sea salt sulphate (the sulphate which is present in marine aerosols in excess
of what originates from the sulphate in sea salt). This mode corresponds to the
accumulation mode and is virtually global in extent (e.g. Kim et al. 1995; Quinn
etal. 1995; Weber et al. 1998; Bates et al. 2002). Hoppel and his colleagues have
argued persuasively that the characteristics of this mode are attributable to
cloud processing of aerosol (Hoppel et al. 1986; Hoppel et al. 1990; Hoppel et al.
1994). A second smaller diameter mode commonly occurs ~30-50 nm, parti-
cularly in the most remote locales. It is most frequently referred to as the aged-
nucleation or Aitken mode, and is thought to arise from in situ particle
nucleation associated with gas to particle conversion under conditions of
low pre-existing aerosol surface area (Wiedensohler and Covert 1996; Brechtel
et al. 1998; Covert et al. 1998; Collins et al. 2000). The concentration of
particles in these submicron modes ranges from a few tens per cm® to several
hundred per cm?, with concentrations in the Northern Hemispheric oceans
generally (though not always) appreciably higher than those in the Southern
Hemisphere oceans. Finally, a larger, or coarse, size mode, the so-called sea
salt mode, is nearly always present (~0.5-3 um diameter). While few in
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Fig. 3.2 Number (heavy line) and volume (light line) distributions at 55% RH for different air
masses of origin during the first 2 ACE experiments. The vertical bars represent one standard
deviation in mean number or volume in the size bin over the averaging period (23—114 hr).
From Bates et al. (2002) with permission of the American Geophysical Union
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number, the contribution of this mode to particle mass —and thus the volume
distribution —is always very substantial and commonly dominant (Bates et al.
2002; Maringet al. 2003). These particles are not only sea salt, but also mineral
dust that can be transported over very long distances and can have a marked
presence even in remote marine air (e.g. Andreae et al. 1986; Arimoto et al.
1997). Non-sea salt sulphate is also always present in variable amounts in the
coarse mode of the marine aerosol (Andreac et al. 1999; Andreac et al. 2000).
Furthermore, the impact of even small numbers of large particles to marine
precipitation can be quite substantial (e.g. Feingold et al. 1999). Some repre-
sentative size distributions, taken from Bates et al. (2002), are shown in
Fig. 3.2 and illustrate the features just discussed.

3.3.1.2 The Remote Continental Aerosol

Because of the vast amounts of anthropogenic emissions of aerosol particles
and their gaseous precursors, combined with efficient long-range transport, it is
nowadays very difficult to find areas of the Earth that are not measurably
impacted by pollutant aerosols. This applies especially to the continental
regions of the northern hemisphere, where most of the human activities are
concentrated.

Aerosol particles have typical atmospheric lifetimes of 3-10 days, which
implies that even after 10-30 days (3 lifetimes) about 5% of the initial burden
is still left. Given that airmasses can easily travel several thousand km in 15
days, and that, at least in the northern hemisphere, few places are more than a
few thousand km from major pollution sources, there are really no places where
we can expect to find pristine conditions in the northern hemisphere (see
Chapter 4). The remote continental aerosol nowadays consists of some natural
material (dust, biogenic materials etc.), mixed with pollution aerosols at varying
levels of dilution. For example, a study of the European aerosol climatology
shows that the average PM2.5 concentration ranges from some 30 pg m at
urban sites to about 4 pg m~> at the cleanest site, Sevettijirvi in northern
Finland (Putaud et al. 2004; Van Dingenen et al. 2004). The composition of
the aerosol at this remote site is, however, very similar to that at urban and
regionally polluted sites, with a large fraction of non-sea salt sulphate, and
about 4% of the combustion tracer black carbon. Pollution aerosols dominate
even in most continental areas in the Southern Hemisphere, especially in the dry
seasons, when biomass burning is widespread (Artaxo et al. 1988; Artaxo et al.
1994; Artaxo et al. 2002; Sinha et al. 2003).

Only under relatively rare circumstances do aerosol concentrations over the
remote continents approach pristine conditions. This usually occurs when clean
marine airmasses are advected over practically uninhabited continental regions.
Examples are the rainy season in central Amazonia, some of the desert regions
in Australia and parts of the boreal regions in Eurasia and North America.
Unfortunately, there are very few studies that document these conditions care-
fully enough to be useful for a assessment of what aerosol concentrations (and
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composition) would be like in the absence of anthropogenic emissions. Size
distributions from a variety of relatively unpolluted venues, such as rural
Canada (Leaitch and Isaac 1991), the Southwestern U.S. and rural Midwestern
U.S. (Kim et al. 1993a), and the Amazon Basin (Guyon et al. 2003a; Rissler
et al. 2004; Krejci et al. 2005) and the high altitude site Jungfraujoch (3580 m
asl) (Weingartner et al. 1999) are differentiable from more strongly polluted air
and share some common characteristics. The mass accumulation mode of the
remote continental aerosol tends to center in the size range from 0.1 to 0.4 pm
diameter, thus showing more size variability than the remote marine aerosol,
particularly on the upper bound, though tending to a slightly smaller modal
size. In number concentration, the remote continental aerosol also shows more
variability, but with concentrations usually appreciably higher than those of its
marine counterpart, typically from a few hundred to a few thousand particles
per cm® (Weingartner et al. 1999; Putaud et al. 2004; Van Dingenen et al. 2004).
This difference is the result of two factors — the presence of pollution aerosols
and the frequent occurrence of large particle number concentrations in the
nucleation and Aitken modes. In the few instances when nearly pristine condi-
tions could be sampled, number concentrations in the continental tropics
(Roberts et al. 2001; Rissler et al. 2004; Krejci et al. 2005) as well as in the
lower free troposphere during winter (Weingartner et al. 1999) were in the low
hundreds, indistinguishable from marine values. From vegetated continental
areas at northern mid-to high latitudes, no published estimates of pristine levels
exist, but concentrations are estimated to be in the tens to low hundreds per cm®
(M. Kulmala, personal communication 2005).

Besides the accumulation mode, separate Aitken or nucleation modes are
frequently present, especially when the surface area of pre-existing aerosol is
low and when small, but significant concentrations of gaseous H,SO, are
produced from SO, oxidation (Kulmala et al. 2000; Lihavainen et al. 2003).
Despite their high number concentrations, these particles are of little direct
consequence for precipitation processes, as they do not have enough soluble
mass to act as CCN. Only when they have grown to sizes approaching 100 nm,
e.g. by condensation of terpene oxidation products (Leaitch et al. 1999;
Kerminen et al. 2000), are they able to nucleate cloud droplets.

The supermicron, or coarse mode, of the remote continental aerosol is
commonly centered in the range from 2 to 5 pm diameter (well away from
desert sources of dust). The number concentration in this mode is more variable
than its marine counterpart, but generally significantly lower, with typical
concentrations in the range from 0.1 to 1 cm >, as compared to 1 to 10 cm >
in marine air. It consists of mineral and soil dust and a variety of primary
biogenic particles, and dominates the aerosol mass size distribution under the
cleanest conditions (Artaxo et al. 2002; Guyon et al. 2003b).

Because of the contrast between the size distributions of continental and
marine remote aerosols, it must be noted that even the simple advection of
continental air into the marine venue will alter the marine size distribution
and chemical composition. This can be clearly seen in Fig. 3.3, taken from
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Fig. 3.3 Differential aerosol number size distributions from Cape Grim during ACE 1. CGBS
in the legend refers to Cape Grim Baseline Station. Curve e is an expanded scale for curve b to
show an additional mode above 200 nm. From Covert et al. (1998) with permission of the
American Geophysical Union

Covert et al. (1998), which shows such impact for the Southern Ocean aero-
sol. For the submicron portion of the size distribution, the bi-modal structure
characteristic of clean marine air is overwhelmed by a massive modal peak
centered at 40—50 nm diameter. Similar changes have been reported for both
the North and South Atlantic (Hoppel et al. 1990; Kim et al. 1995; Bates et al.
2000; Collins et al. 2000; Johnson et al. 2000), the Indian Ocean (Cantrell
et al. 2000), the Pacific Ocean, (Moore et al. 2003), as well as by the review by
Bates et al. (2002). For the coarse particle mode, advection of pollution
generally has little effect unless soil dust is present (cf. Li-Jones and Prospero
1998; cf. Bates et al. 2002; Maring et al. 2003; Moore et al. 2003).

3.3.1.3 The Polluted Continental Aerosol

Much of the early work on industrial air pollution was done in the highly
polluted Los Angeles Basin. Studies there show typically a tri-modal number
size distribution with prominent nucleation, accumulation and coarse modes,
and associated modal diameters of 0.01-0.02, 0.1 and 1.0 pm, respectively (e.g.
Heisler et al. 1973; Sverdrup et al. 1975; Whitby et al. 1975). Later work
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confirmed this basic structure but showed that the nucleation and accumulation
modes are not always fully resolved (e.g. John et al. 1990; Hering et al. 1997,
Hughes et al. 1999). In Europe both a bi-modal submicron structure and a
prominent, though variable, coarse mode have been commonly found (e.g.
Birmili et al. 2001; Baltensperger et al. 2002; Petzold et al. 2002). Number
concentrations vary in the range from thousands to tens of thousands per
cm®. The partition in number concentration between the nucleation and accu-
mulation modes is highly variable, with the larger concentration switching back
and forth between the two as a function of time of day, as well as season and
various other variables.

3.3.1.4 Biomass Burning Aerosol

Besides industrial pollution, biomass burning emissions are the other main
pollution source on a global impact scale, and occur mostly from the tropical
regions (Crutzen and Andreac 1990), especially Brazil and Southern Africa.
Andreae et al. (1996), summarizing a number of studies in Africa, report a large
accumulation in the number size distribution at ~0.1-0.2 pm diameter for
in-plume measurements. Regional haze associated with biomass burning was
shifted to slightly larger sizes. There is also a coarse mode in both the plume and
haze aerosol, which is composed to a large extent of resuspended soil dust, with
some additional coarse ash particles (Reid et al. 2005). The number modal
diameter is not clear, in part because volume rather than number distributions
are reported. Nevertheless, it would appear to be at least 1-2 pum in size. Le
Canut et al. (1996) also report an accumulation mode centered at ~0.15 pum and
a coarse mode centered at ~3 um. More recently, from the SAFARI-2000
campaign, Haywood et al. (2003a,b) reported an accumulation mode at a
slightly larger volume modal diameter of 0.25 um with a coarse mode at ~10
pum. In none of these studies was a distinguishable Aitken or nucleation mode
reported.

Data on Brazilian biomass burning aerosol has recently increased sharply as
a result of the SCAR-A and SCAR-B studies (Reid and Hobbs 1998; Reid et al.
1998) and the Large Scale Biosphere-Atmosphere Experiment in Amazonia —
Smoke, Aerosols, Clouds, Rainfall and Climate (LBA-SMOCC) (Andreac et al.
2004; Guyon et al. 2005). Reid et al. (1998) have summarized work on both
distinct fire plumes and the regional haze produced by such plumes. As in
African emissions, there is no distinct nucleation mode in distinct plumes, but
rather a single large accumulation number mode centered at 0.10-0.13 pm
diameter, and a volume mode around 0.2-0.3 pm. In contrast, the regional
haze associated with biomass burning showed an accumulation mode centered
in the range 0.2-0.3 pm. In the fresh smoke, a coarse mode at ~3 pm was
evident, while in the regional haze a significant coarse mode was not commonly
present. Airborne measurements of fresh smoke from deforestation fires during
the LBA-SMOCC campaign showed a single number mode near 0.10 pm, while
in detrained smoke from pyrocumulus clouds the modal diameter had grown to



Chapter 4
The Distribution of Atmospheric Aerosols:
Transport, Transformation and Removal

Sunling Gong and Leonard A. Barrie

4.1 Introduction

Because the time for air parcels to circle the Earth on winds in the troposphere is
of the same order of magnitude as the residence time of atmospheric aerosols,
there is no location on the globe that is not influenced by aerosol sources. Once
released into the atmosphere from primary production or produced via gas-to-
particle conversion (for source details, see Chapter 3), acrosols are subject to
many processes that affect their global distribution, chemical and physical prop-
erties, and hence their influence on climate, weather, human health and ecosys-
tems. They are dispersed in the atmosphere through processes of advection,
convection and turbulence. They are also transformed and removed by physical
and chemical processes involving clouds, precipitation as well as processes occur-
ring in cloud-free air. During the life cycle of an aerosol in the atmosphere, gas to
particle conversion and mixing of aerosols from different sources changes the
chemical, physical and optical properties of the original aerosols.

4.2 Geographically Distinct Aerosol Regimes

Hemispheric-scale differences in land area (39% of the northern hemisphere is
covered by land versus. 19% in the southern hemisphere) and in human popu-
lation have led to large inter-hemispheric differences in primary aerosol source
strengths (Chapter 3). This involves both natural and anthropogenic aerosols,
but the greatest differences are seen for fossil fuel and aircraft emissions.
According to data summarized in Chapter 5 of the IPCC 2001 assessment
report (IPCC 2001), more than 90% of the aircraft emissions and ~99% of
the fossil fuel emissions are emitted into the atmosphere over the northern
hemisphere. More than 80% of the mineral dust is produced in the northern
hemisphere, according to Jickells et al. (2005), and <20% of the dust flux into
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Chapter 5
In Situ and Remote Sensing Techniques
for Measuring Aerosols, Clouds and Precipitation

Didier Tanré, Paulo Artaxo, Sandra Yuter and Yoram Kaufman

5.1 Introduction

In this chapter we review the methods presently available and expected in the
near future to measure the effect of aerosols on clouds and precipitation, and
the limitations of current measurements that make it difficult to assess this
connection.

The short lifetime of clouds and aerosols, the large variability of cloud
properties, and the variability in the aerosol chemical and physical proper-
ties, makes it difficult to decipher the impact of aerosols on cloud proper-
ties and on the onset of precipitation. An array of satellite instruments, and
surface networks that routinely measure aerosol, clouds and precipitation
are designed to overcome some of these obstacles by generating large data
sets of precipitation, cloud properties and the nearby aerosols. The aerosol
properties include measures of the column concentrations (expressed by
the aerosol optical depth) and size (given by distribution of the aerosol in
2-3 size modes or measurement of the Angstrom coefficient). A major
remaining obstacle that is difficult to overcome concerns the precise mea-
surement of precipitation and its co-location with cloud and aerosol
measurements.

The measurement tools of aerosols and precipitation, therefore, include
in situ measurements from the ground or from the air, remote sensing from
the surface or from space and indirect assessments using other attributes.
The use of measurements to deduce the effect of aerosols on precipitation
includes the following groups: long term statistics of precipitation with
assessment of aerosol based on location and time of the measurements
(Warner 1968; Givati and Rosenfeld 2004); and individual case studies
(Rosenfeld 2000).
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methods to describe spatial variability and to define sampling requirements
for rain gauge networks based on data obtained during four summer seasons.
Spatial correlations decay with distance at rates that vary with rain type and
synoptic pattern. Spatial correlations at a given scale decrease with increas-
ing spatial variability. For thunderstorms they found r*=0.98 at 1.6 km
distance and 0.88 at 9.7 km distance compared to r*=1.00 at 1.6 km and
0.98 at 9.7 km during passage of low pressure centers (Huff and Ship 1969).
Spatial correlation increased for increasing storm durations up to 12 h and
then decreased (Huff and Shipp 1969). Morin et al. (2003) obtained similar
results based on analysis of 15 summer airmass thunderstorms observed in
southeastern Arizona. To measure summer storms, Huff and Shipp’s recom-
mended rain gauge separations of 0.5 km for 1 min rain rates and 12 km for
storm totals. In comparison, typical rain gauge densities in operational
networks, such as the one in California, have gauge separations of ~10 km
near population centers and ~20 km in rural areas. The Global Precipitation
Climatology Project of the World Climate Research Program has estimated
that between 5 and 20 rain gauges are required per 2.5° latitude box to meet
a 10% criterion for relative sampling error for monthly precipitation
(Rudolf et al. 1994). This recommended rain gauge density is met in most
industrialized areas but is not met over the majority of the Earth’s land
surface (Fig. 5.18).
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Fig. 5.18 Modified number of rain gauges used in GPCP monthly rainfall 2.5°x2.5° grid
product. The modified number includes the gauges within an individual grid box and
0.25 gauges for each surrounding grid box with at least one gauge. Plots courtesy of G. Huffman,
NASA



Chapter 6
Effects of Pollution and Biomass Aerosols on
Clouds and Precipitation: Observational Studies

Zev Levin and Jean-Louis Brenguier

6.1 Introduction

The impact of aerosols on cloud macrophysical (cloud extent, cloud thickness
and liquid water path), cloud microphysical (droplet and ice crystals concentra-
tions and size distributions), and precipitation has received a great deal of
attention for over 50 years. The pioneering work of Gunn and Phillips (1957),
Squires (1958), Squires and Twomey (1961), Warner (1968) and Warner and
Twomey (1967), to mention just a few, pointed out that high concentrations of
cloud condensation nuclei (CCN) from anthropogenic sources, such as from
industrial pollution and from burning of sugarcane, can increase cloud droplet
number concentration (CDNC), hence increasing cloud microphysical stability
and potentially reducing precipitation efficiency. Although the connection
between increased CCN and increased CDNC has been supported by many in
situ observations, the impact of CCN on precipitation is less well established.
One of the obstacles in assessing such a cause and effect relationship is the
fact that different aerosol types generally correspond to different air masses,
hence to different vertical profiles of moisture and stability. The sensitivity of
cloud and precipitation to these meteorological parameters is particularly high
in the boundary layer. In convective clouds the ability to produce precipitation
embryos depends to a large extend on the maximum liquid water conent
(LWCQ), hence on the cloud depth, because the adiabatic liquid water content
increases with altitude above cloud base (a rate of ~2 gm > of condensed water
per km of ascent at 20°C). In subtropical boundary layer clouds, the altitude of
the cloud base, hence the cloud depth and the maximum LWC slightly below
cloud top, depend on the total water mixing ratio of the mixed layer. For
example, in a boundary layer with a total water mixing ratio of 20 gm >, topped
by a 200 m thick cloud, a very small drying of the boundary layer (1% decrease
of the total water mixing ratio, at constant temperature), leads to a decrease of
the cloud layer thickness by a factor of 2, which corresponds to a factor of 4
reduction of the liquid water path (LWP). Since the precipitation rate in
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Chapter 7
Effects of Pollution Aerosol and Biomass

Burning on Clouds and Precipitation: Numerical
Modeling Studies

Graham Feingold, William Cotton, Ulrike Lohmann and Zev Levin

7.1 Introduction

The history of numerical modeling of the effect of aerosols on clouds dates back
at least 50 years to the work of Howell (1949) and Mordy (1959), who considered
the growth of a population of acrosol particles in a rising parcel of air. Models
such as these addressed the effects of both aerosol and dynamical parameters (i.e.
updraft velocity) on the number and size distribution of cloud droplets. To this
day similar models are in wide use to examine the effects of aerosol composition
and atmospheric trace gases on droplet activation (e.g. Kulmala et al. 1993; Ghan
et al. 1997; Feingold and Chuang 2002; Nenes et al. 2002).

From the early roots of cloud parcel models that simulated droplet growth by
condensation, there have been two parallel and complementary foci (Fig. 7.1). The
cloud physics community has pursued the modeling of precipitation formation in
a variety of modeling frameworks, ranging from parcel models to 1-D, 2-D and
3-D models of both warm and cold clouds. These studies have been able to capture
the salient features of cloud droplet activation and the timescales of growth to
precipitation-sized drops in a reasonable manner. Simultaneously, the aerosol and
chemistry communities have developed models that have placed more emphasis
on the effect of acrosol composition on cloud microphysics, as well as on the role
of clouds as processors of aerosol (e.g. via aqueous-phase chemistry). Although
these efforts are depicted as parallel in Fig. 7.1, there has been some communi-
cation between the two communities with the result that the more recent modeling
efforts include representation of the coupled aerosol-cloud-chemistry system
(e.g. Barth et al. 1992; Respondek et al. 1995; Feingold and Kreidenweis 2002;
Yin et al. 2005). The representation of all these components is required to model
the effect of aerosols on precipitation because of the myriad feedbacks that can
occur in the system. For example, acrosols that are modified by cloud processes,
and are then released back into the atmosphere after cloud evaporation (most
clouds evaporate and do not precipitate) could affect other clouds (e.g. Scott and
Hobbs 1967; Hegg et al. 1980, 1996; Barth et al. 1992; Hobbs 1993; Wurzler et al.
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Fig. 7.1 Brief summary of parallel efforts in aerosol-cloud-precipitation studies over the past
six decades. The left branch has focused on precipitation development, while the right branch
has been concerned with aerosol composition and aqueous chemistry. Communication
between these efforts over the past decade has stressed the importance of considering the
aerosol-cloud-chemistry-precipitation system in a coupled manner

2000; Garrett et al. 2002; Tabazadeh et al. 2004). Therefore, not only must the
effects of aerosols on clouds and precipitation be considered but also the effect of
clouds and precipitation on aerosols.

The challenge to the cloud modeler is to represent the numerous, and some-
times poorly understood cloud processes depicted in Fig. 7.2 in a dynamical
framework, and preferably in three dimensions (3-D). The lifetime of an indi-
vidual cloud cell is on the order of an hour but, when considering precipitating
cloud systems, multi-hour simulations need to be performed, with the result
that computational costs quickly become prohibitive. The challenges therefore
include adequate representation of (i) physics, (ii) chemistry, (iii) numerical
methods for solving the equations, (iv) consideration of the most important
processes and (v) consideration of temporal and spatial scales.

Below we describe some of the modeling techniques that have been used to
represent precipitation, and parallel efforts at improving numerical methods, as
well as the representation of the physical processes themselves. We then give
examples of key results pertaining to aerosol-cloud-precipitation interactions.
Finally, we discuss some of the challenges in quantifying aerosol effects on clouds
and precipitation.
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Fig. 7.2 Simplified schematic of warm and cold microphysical interactions and some of the
processes that are represented in models. The multiple pathways are only a subset of the more
complete description of processes shown in Fig. 2.14. From Reisin et al. (1996a) with permis-
sion of the American Meteorological Society

7.2 Numerical Methods for Modeling Cloud Microphysics

Cloud modeling requires a recognition that the aerosol cloud system comprises
coupled components of dynamics, aerosol and cloud microphysics, radiation
and even chemistry (Fig. 7.3), and that depending on the system being modeled,
neglect of some of the components may have important consequences. The
correct approach to modeling the effects of aerosol on precipitation requires
an appropriate balance of treatment of these components. Earlier modeling
efforts tended to focus on just parts of the system (e.g. the effect of aerosol
size and composition on the drop size distribution with very detailed represen-
tation of the aerosol/drop size distribution (Mordy 1959), or the formation of
precipitation in a 1-D model using simple representations of microphysics,
frequently with little representation of aerosol (Silverman and Glass 1973).
To this day, cloud models are often used to focus on just one aspect of the
system, because the neglect of other components simplifies investigations and
serves to elucidate specific processes. However, with the increase in computing
power, and the evolution of numerical methods, the community has slowly
moved towards representing both microphysics and dynamics with varying
degrees of sophistication.
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] o I P

ﬁ Thermodynamics

Surface type

Fig. 7.3 Schematic indicating the coupled nature of the microphysics involving clouds and
precipitation. Although great gains in knowledge have been acquired through consideration
of a limited number of components in this figure, an appropriate balance between these
components must be considered when modeling aerosol-cloud-precipitation interactions

In approaching numerical cloud modeling, the importance of numerical
techniques that minimize spurious particle growth must be considered hand-
in-hand with the representation of the physics inherent to cloud microphysical
and dynamical processes. For example, the kernel function for collision and
coalescence between different types of hydrometeors is based on both theory
and laboratory experiments, in which the outcome of the interactions between
pairs of hydrometeors of different sizes is calculated or measured. These are then
parameterized into more general functions that can be embedded in the micro-
physical equations. Accurate parameterization of these processes is as important
as consideration of numerical methods in determining our confidence in repre-
senting microphysical processes in cloud models. In fact it can be argued that the
poor knowledge of collection kernels, particularly regarding ice-ice interactions,
may limit the gains that can be realized by very detailed microphysical schemes.

7.2.1 Bulk Microphysics

When considering cloud microphysical processes, earlier models, and many
current models, use a “bulk” representation of microphysics that represents a
size distribution of hydrometeors by one or more of its moments (e.g. mass
mixing ratio, number mixing ratio, surface area, radar reflectivity). In one
approach drops and ice particles are represented by a simple exponential func-
tion (with fixed pre-exponent) and a single-moment of the hydrometeor spectra
is predicted (Kessler 1969). In this case self-collection among cloud droplets is
parameterized using an autoconversion formulation, and large hydrometeors
such as raindrops are assumed to collect smaller drops and ice by continuous



Chapter 8
Parallels and Contrasts Between Deliberate Cloud
Seeding and Aerosol Pollution Effects

William R. Cotton

8.1 Introduction

Deliberate cloud seeding, with the goal of increasing precipitation by the injection
of specific types of particles into clouds, has been pursued for over 50 years.
Efforts to understand the processes involved have led to a significant body of
knowledge about clouds and about the effects of the seeding acrosol. A number
of projects focused on the statistical evaluation of whether a seeding effect can
be distinguished in the presence of considerable natural variability. Both the
knowledge gained from these experiments, and the awareness of the limitations
in that understanding, are relevant to the general question of aerosol effects on
precipitation. Definite proof from the seeding projects for an induced increase in
precipitation as a result of the addition of seeding material to the clouds would
represent a powerful demonstration of at least one type of dominant aerosol-
precipitation link in the clouds involved. Therefore, in this chapter we review the
fundamental concepts of cloud seeding and overview the parallels and contrasts
between evaluations of deliberate and inadvertent modification of precipitation
by aerosols. It is not our intent to provide a comprehensive assessment of the
current status of cloud seeding research. We direct the reader to more compre-
hensive weather modification assessments in NRC (2003), Cotton and Pielke
(2007), Silverman (2001, 2003), and Garstang et al. (2005).

Deliberate cloud seeding experiments can be divided into two broad categories:
glaciogenic seeding and hygroscopic seeding. Glaciogenic seeding occurs when
ice-producing materials (e.g. dry ice (solid CO.,), silver iodide, liquid propane
etc.) are injected into a supercooled cloud for the purpose of stimulating precipita-
tion by the ice particle mechanism (see Sect. 2.2). The underlying hypothesis
for glaciogenic seeding is that there is commonly a deficiency of natural ice nuclei
and therefore insufficient ice particles for the cloud to produce precipitation as
efficiently as it would in the absence of seeding.

The second category of artificial seeding experiments is referred to as hygroscopic
seeding. In the past this type of seeding was usually used for rain enhancement from
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Chapter 9
Summary

Aerosols impact global climate in a number of ways. First they directly affect
the Earth’s radiation budget by absorbing and reflecting solar radiation and to
a lesser extent altering the profile of IR absorption in the atmosphere. Second,
by serving as cloud condensation nuclei (CCN) and ice nuclei (IN), they
determine cloud microphysics, the formation of precipitating particles and
cloud radiative properties, particularly cloud albedo and emission. As a con-
sequence, these properties influence the local radiation budget, atmospheric
temperatures, land-surface and ocean temperatures. Aerosols can therefore
affect regional cloud properties and may affect precipitation amounts. If these
effects are large enough, they could adversely affect water availability, and will
impact global climate by changing land-surface radiative properties and surface
energy budgets, which can alter the general circulation of the atmosphere and
climate.

This report summarizes our present knowledge of the effects of pollution on
clouds and precipitation from regional to global scales. Although a great deal of
progress has been made in the past few years regarding our understanding of the
effects of pollution on cloud processes, the effects on precipitation on the level
of a single storm, on a regional and on a global scale are not yet understood.
Below we summarize some of the effects that have been observed and some
of the gaps in our knowledge and the difficulties in assessing the effects of
pollution on rainfall.

Although our ability to forecast precipitation based on climate models is
still limited, we can already conclude that some changes in precipitation would
take place. Global climate model estimates of the change in global mean
precipitation due to the total aerosol effects vary between 0 and —4.5%.
These differences are amplified over land, ranging from —1.5 to —8.5%. Recent
coupled ocean mixed layer GCM simulations show that the cooling due to the
direct and indirect effects by aerosols reduce surface latent and sensible heat
transfer and, as a consequence, act to reduce the intensity of the hydrological
cycle. Thus the potential influence of aecrosols on climate could be far more
significant than previously thought. Estimates by GCMs of the consequences
of combined greenhouse gas warming and aerosol cooling in the future
depend on uncertain estimates of future pollution emissions and greenhouse
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Chapter 10
Recommendations

e [t is recommended that a series of international projects targeted toward
unraveling the complex interactions among aerosols, clouds, and precipita-
tion be implemented. A series of international workshops and field studies
are needed to address the impacts on clouds and precipitation of aerosols
from a range of sources including biomass burning, dust, and industrial
pollution within different regional weather regimes in the tropics, middle
latitudes, and the polar regions. All of these studies need to have an adequate
scientific component, but should also deal with specific situations occurring
in the developing world by addressing the impact of pollution/precipitation
on economic, sociological, environmental and health issues.

e [tis recommended that WMO/IUGG take the lead in such projects together
with other UN and International Organizations. Some of these projects
could be sponsored and financially supported by the countries involved.
For example, the effects of an evolving industrial economy, such as China,
on precipitation should be studied. Similarly, a study of the effects of
biomass burning and dust in some of the African regions would be highly
valuable for our understanding of these complex issues.

e [t is also proposed to consider a project in a country where the relationship
between pollution and precipitation can be explored with the a large arsenal
of the newest scientific instrumentation. The WMO/IUGG can play a key
coordination role in making sure the following recommendations are
implemented:

10.1 Better Characterization of Aerosols
10.1.1 Emission Inventories

e To be useful as a reference for studies of pollution effects on cloud and
precipitation, size-resolved measurements of the numbers of particles
emitted is required for the various primary aerosol sources, especially sea
salt, mineral dust, pyrogenic aerosol and primary biogenic aerosol.

Z. Levin, W.R. Cotton (eds.), Aerosol Pollution Impact on Precipitation, 301
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Appendix A

List of Acronyms Used in the Report

ABC

ACE

ACE-2 CLOUDY-
COLUMN

AD-Net

AEROCE

AEROCOM

AERONET

AEROSIBNET

AGCM

AMS

AOD

AOT

APS

ARM

ASTEX

ATSR

AVHRR

BASE

BC

BRE

BSRN

CALIPSO
CAPMoN
CAPS
CASTnet
CCM3
CCN
CDNC
CDP
CFDC
CFDE (I and TIT)
CFS
CGMS
CIS-LiNet

Atmospheric Brown Cloud

Aerosol Characterization Experiments

CLOUDY-COLUMN is one of ACE-2 projects, which took place
in June—July 1997, between Portugal and the Canary Islands

Asian Dust Network

Atmospheric Ocean Chemistry Experiment

Aerosol model intercomparison

Aerosol Robotic Network http://aeronet.gsfc.nasa.gov

Siberian system for aerosol research http://sibrad.iao.ru/

atmospheric general circulation model

American Meteorological Society

Aerosol optical depth

Aerosol Optical Thickness

Aerosol Mass Spectrometer

Atmospheric Radiation Measurement www.arm.gov/

Atlantic Stratocumulus Transition Experiment

Along Track Scanning Radiometer

Advanced Very High Resolution Radiometer

Beaufort and Arctic Storms Experiment

Black Carbon

Bridger Range Experiment

Baseline Surface Radiation Network/World Radiation Monitoring
Center

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation

Canadian Air and Precipitation Monitoring Network

Cloud Aerosol Precipitation Spectrometer

Clean Air Status and Trends Network

Community Climate Model

Cloud Condensation Nuclei

Cloud Droplet Number Concentration

Cloud Droplet Probe

Continuous-Flow Diffusion Chamber

Canadian Atlantic Storms Program (I and III)

Continuous Flow Spectrometers

Coordination Group for Meteorological Satellites

Commonwealth of Independent States Lidar Network
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